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Abstract 
 
Comminution circuits are responsible for the reduction of particles’ size into size fractions suitable 
for downstream metal extraction processes. These circuits are energy inefficient and in most cases 
optimised on plant throughput. The inefficiency of these devices has been brought into the spotlight 
due to the progressive decline of ore feed grade, making the use of low-grade ores difficult to 
economically process. The global downturn in mine productivity has been the aftermath of pushing 
huge tonnages of low-grade ores to meet plants’ production targets. The conditions leading to 
declining profitability of mines have propelled the need for a step-change in comminution technology 
and strategies.  
 
Grade Engineering TM has been identified as one of the ways to overcome and reverse the downward 
trend of mine productivity. It utilises ore specific breakage characteristics to effect coarse gangue 
rejection as a technique to improve efficiency in ore processing. In this study, the differences in ore 
properties are exploited by tuning the specific breakage energy to deliver a precise and controlled 
impact breakage in several stages in the pursuit of further enhancing early coarse gangue rejection, 
which is the main area of focus for this work.  
 
A standardised procedure has been developed using real ore samples (one Cu ore and two Ag-Pb-Zn 
ore samples) to investigate the effect of a single and multistage precise impact breakage, on coarse 
gangue rejection using the JKRBT breakage device. Furthermore, the surface breakage mechanism 
was combined with precise impact breakage mechanism to study the effect of the processing history 
of particles on selective breakage. In addition to this, a laboratory scale breakage device has been 
developed to deliver precise specific impact breakage and potentially retain the residual velocities of 
progenies to generate secondary breakage. This was aimed to mimic the multistage impact breakage 
studied in the JKRBT.  
 
It was found that multistage and single stage impact breakage was not suitable in processing the tested 
Cu ore sample, but was found to respond better for the Ag-Pb-Zn ores. The multistage precise 
breakage reduced the amount of valuable metals (Ag, Pb, and Zn) in the coarse fraction. The rate of 
the downgrade in the coarse reject material was found to be higher, varying between 15% and 33% 
after the second stage breakage. Metal recovery from the multistage breakage process was compared 
to single stage breakage, to evaluate the improvement of metal recovery efficiency and to determine 
the optimum breakage energy at which the highest recovery was achieved. The results obtained 
showed that the multistage impact breakage results in much higher recoveries at slightly lower metal 
grade in the fines than the single stage impact breakage process. Furthermore, the results from the 
reject material produced from multistage impact breakage was found to have a higher downgrade 
ii 
rate. It was further established that the multistage process has the potential to reduce the value of 
reject material below the cut-off net smelter return threshold of $8.52. The consequence of this will 
be the generation of cleaner coarse reject material from sub-economic low grade and waste 
mineralised feedstock.   
 
Work conducted on the effect of process history on selective breakage indicated that previous process 
history (abrasion in this case) from which coarse waste material was generated limits the metal 
deportment properties of Ag-Pb-Zn ore used in these studies. Nevertheless, the deportment behavior 
was not as strong as those obtained testing fresh Ag-Pb-Zn ore samples. Combining deportment 
results of the prior abrasion process and the low energy single impact of rejected material produced 
from abrasion, showed an accept stream material with upgrades up to 58% Ag, 33% Pb and 45% Zn 
with a reject material downgrade rate of 27% Ag, 15% Pb and 21% Zn. When the combined effect of 
abrasion and low energy single impact breakage was compared to only low energy single impact 
breakage, it was found out that the prior removal of minerals from the surface of the ore particles 
using abrasion mechanism is beneficial in providing enhanced coarse gangue rejection. 
 
In testing the newly developed impact tester, one size fraction of both Ag-Pb-Zn ores were utilised. 
The resulting energies calculated from the residual velocities of the progenies measured indicated that 
about 42-88% of the specific breakage energy was retained for secondary breakage. This was evident 
in the difference in t10 results obtained between the different tests conducted involving anvil and 
rubber lining. The specific energy of the resulting progenies was found to be sufficient to generate a 
subsequent breakage event for tests involving anvils on the impact chambers’ wall. The breakage 
behaviour observed within the new breakage device indicates that the device can be used in multiple 
stage selective impact breakage applications. 
 
The approaches used to arrive at the findings of this thesis will have major implications in coarse 
gangue rejection techniques, coarse gangue cleaning applications and designing new breakage 
devices that could be more energy efficient in delivering selective breakage of ore particles. 
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Introduction 
This chapter introduces the context, defines the problem to be solved, give the general background 
of the proposed studies and states the aims and objectives of the thesis.  
 
1.1 Context 
 
Mining is often considered to be the process of finding mineral deposits, removing them from the 
ground using a variety of methods, machinery and using simple or sophisticated processes to extract 
the valuable mineral to yield a refined saleable metal (Upstill et al., 2006). Like every other industry, 
mining has its pros and cons. The major problem associated with the mining industry is the damage 
caused to the environment. Even though is not considered as the greenest industry, mines can become 
more environmentally friendly. The current operations in the mining industry is more 
environmentally conscious, unlike previous years.  Overlooking its drawbacks, the industry is a major 
contributor to the economy of a country and also providing raw material for the technological needs 
of the world.  
 
The mining industry in recent years is facing a decline in profitability due to poor mine productivity.  
Recent studies conducted by McKinsey and Company (2015) reported that the world mining 
productivity has declined as much as 28% compared to 10 years ago. Results obtained from MineLens 
Productivity Index (MPI) identified that declining in ore grades and mine cost inflation was the key 
players involved in the downward trend of mine productivity (Lala et al., 2015). Multifactor mining 
productivity in Australia has also shown that productivity has consistently decreased in recent years, 
dropping to about 40% since the beginning of the 21st century (Carrasco, 2013).  The multifactor 
mining productivity detailing the declining scenario observed for both Chile and Australia is depicted 
in Figure 1.1.   
 
The decrease in mine productivity has affected the feasibility of many mining projects negatively to 
the extent where some mining companies even have failed. A sustainable future beyond the closure 
of mines is crucial since the success of the economy of a country is promoted by the valuable 
contribution made by the mining industry (Zvarivadza, 2018). Addressing industry productivity 
challenges is key to improve productivity and finding higher grade deposit for mine industries to stay 
in business for a longer period. The industry may elect to act on two main levels i.e. supply chain and 
value chain, to eliminate poor productivity and set mine operations on the right path to achieve long 
term productivity (Walters, 2016). 
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Figure 1.1 Multifactor Mining Productivity for Chile and Australia (year 2000=1) (Carrasco, 
2017) 
 
Globally, mining companies are already making positive waves addressing poor productivity in area 
of supply chain. This has seen major efforts being made to eliminate cost in daily mine operations by 
reducing capital expenditure and lowering non-labour operating expenditure (Lala et al., 2015). In 
report published by McKinsey and Company (2015), short term solution being put in place by mining 
companies to increase profitability includes; “reining in capital expenditures by making moves to 
obtain more value-adding output from their asset base” and “lowering non-labour operating 
expenditures by improving procurement performance”.  
  
The value chain issues associated to mine productivity has been identified by most researchers to be 
the root cause of declining productivity with declining feed quality and inefficiencies in mining and 
mineral extraction processes being the key drivers (Carrasco, 2017; Carrasco, 2013 and Bearman, 
2013). High-grade deposits are progressively being depleted (Figure 1.2) leaving lower grade ores 
on average. An increase in world population has also contributed to exploitation of low-grade ores as 
demand for mineral commodities continue to increase. Evidence of this pressure is that mining 
companies begin exploiting deposits in difficult locations which up until recently would not be 
considered (Prior et al., 2012; Mason et al., 2011).  
 
Worldwide declining trend of ore grades is seen as a variable in the measure of cost of productivity 
and are inversely related. Cost of production increases as ore feed grade decrease because low-grade 
ores generates more mine waste. In order to meet metal production targets, more tonnage needs to be 
processed. Treating large tonnage of low-grade ores requires more energy, which in turns threatens 
mine productivity due to increased cost of operation (Petersen, 2016; Norgate & Jahanshani, 2010). 
   3 
 
Figure 1.2 Decline in Grade of most Ore Deposits (Batterham & Robinson, 2018) 
 
Comminution, the mechanical breakage of ore material into a size fraction workable in downstream 
processes, is the most energy intensive stage in mineral processing and typically accounts for 30–
70% of the total energy used in the mining industry (Nadolski et al., 2014). Current comminution 
circuits in the mining industry are highly energy inefficient and are solely optimized for maximum 
plant throughput (Walters, 2016; Napier-Munn, 2015).  The continual decline in ore grade will require 
more comminution energy to reduce the particle size to a range that will be suitable for downstream 
processes and this subsequently affects mine productivity. It is therefore necessary to look at 
comminution strategies that can help to improve energy efficiency in order to reverse the poor trend 
of mining productivity.  
 
There are number of integrated strategies, which are currently being put in place to help improve the 
efficiency and reduce energy use in comminution circuits. Development of new technology coupled 
with pre-concentration of valuable minerals prior to energy intensive comminution have improve on 
energy efficiency and increased metal recovery (Hesse et al., 2017; Wills and Napier-Munn, 2015; 
Bearman, 2013).  In addition, research involving CRC ORE in recent years has suggested that poor 
productivity can be addressed using a technique known as Grade Engineering (Carrasco et al., 2016a; 
Walters, 2016). 
 
New ways to reduce the energy use in comminution circuits include pre-weakening ore materials 
before the crushing or grinding stage using high voltage pulse (HVP) (Zuo and Shi, 2015; Shi et al., 
2014; Zuo et al., 2011). Microwaves has also been used to generate pre-weakening in feed material 
prior to the milling circuit in order to reduce energy used during milling processes (Rizmanoski, 2011; 
Amankwah and Ofori-Sarpong, 2011). In other application microwave applications have aided in 
pilot scale mineral ore sorting where waste has been successfully separated from metal of interest 
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(Batchelor et al., 2016; John et al., 2015; Jokovic, 2012). Furthermore, dense medium separation 
(DMS) and senor based sorting (x-ray applications) systems has being used in commercial stages to 
improve feed grade material. Notable of these applications includes the DMS work at Mount Isa 
Mines (Munro et al., 1982), DMS of UG2 platinum ore by DRA Mineral, SA (Smit et. al., 2012), on-
belt sensing of Pb-Zn feed grades at the Mount Isa Pb-Zn-Ag mine (Patel, 2014) and XRF for sorting 
Cu-PGE ores at the Mogalakwena Mine (Rule et al, 2015).    
 
Pre-concentration of valuable minerals to gangue has long attracted interest and has shown promising 
results in solving the issue of energy inefficiency. Another way to generate pre-concentration is by 
doing selective comminution. Selective comminution uses simple classification steps i.e. screening 
to generate pre-concentrates by rejecting coarse clean gangue. As the energy used for selective 
breakage almost all reports to the fine product, it has the potential to be highly energy efficient. 
This process can be challenging but when done properly the waste materials can be isolated 
completely or partially from valuable minerals and energy that should have been used to comminute 
this waste material can be saved (Hesse et al., 2017; Lieberwirth, 2016 ). Test result from pre-
concentration of lead-zinc ores by Hesse et al. (2015) showed that the process requires a systematic 
approach comprising comminution behaviour of the ore under a certain load, the type of comminution 
machine and a number of operation parameters of the system.  
 
Alternatively, to win the battle against comminution energy inefficiency is to do less comminution 
through Grade Engineering techniques. Grade engineering is a form of pre-concentration that utilises 
strategic integrated approaches to effect the removal of uneconomic material as early as possible in 
the mining value chain (Walters, 2016). In recent years, researchers at the CRC ORE have carried out 
extensive work in this area, aiming to deliver Grade Engineering as an industry standard methodology 
designed to improve productivity and value to mining operations, which includes the ability to filter 
and rank individual operations for the highest opportunity. They identified that natural grade by size 
deportment during coarse rock breakage and differential blasting for grade as key levers for 
generating high-value coarse separation in Grade Engineering applications (Walters, 2016; Carrasco, 
2017). Figure 1.3 below shows how energy intensity can be reduced through the use of Grade 
Engineering TM strategies.  
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Figure 1.3 Diagram Depicting Energy Reduction through Grade Engineering Strategies 
(Source: CRC ORE, 2018) 
 
The potential of making significant value that can reverse the trend of declining productivity due to 
declining feed grades has been seen in results from mining companies, equipment suppliers and 
research organisations using Grade Engineering techniques (Walters, 2016). Although Grade 
Engineering is making waves in reversing poor productivity in the mining value chain, work up to 
date indicates that natural grade by size deportment is achieved by routine blasting and primary 
crushing on an empirical basis. To enhance the outcome of Grade Engineering TM, there will be need 
to apply a more selective and energy efficient ore breakage mechanism. Another important 
contribution has been the development of a testing methodology to assess the amenability of an ore 
type to Grade Engineering TM. 
  
Development of a new technology capable of providing more selective comminution may be able to 
improve energy efficiency and go a long way to help increase the output of Grade Engineering.  Given 
the massive contribution of the mining industry to the economy and livelihood of people as well as 
the linkages and clusters forming around the mining value chain, the success of next generation 
devices and strategies enhancing Grade engineering techniques may provide a way add value and 
improve productivity but only for amenable ore types.    
1.2 Statement of Problem 
 
Reported studies of Grade Engineering were focused on increasing the head grade through 
exploitation of grade by size deportment and screening as a key driver of increase economic returns 
(Walters, 2016; Carrasco, 2014). The approach has being in existent for many years now with the 
most relevant published example of production scale application of size-by-size metal deportment 
dated back to the year 1986 where pre-concentration of copper metal was conducted at the 
Bougainville Copper Limited (BCL) Panguna Cu-Au mine in Papua New Guinea (Burn and Grimes, 
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1986). The reported strategies do not consider the opportunity to enhance grade by size response 
through the use of more selective ore breakage mechanisms – other than more selective blasting. This 
project explores extending GE to finer sizes to reject more energy consuming hard gangue particles 
and to provide a finer feed to the comminution circuit. The major mechanism investigated in this 
project is precisely controlled impact breakage. A companion project has investigated well controlled 
abrasion breakage. 
 
A well proven laboratory scale RBT impact breakage device (Shi et al., 2009) and a new controlled 
impact breakage device have been used in this project to explore the potential to enhance grade by 
size deportment through well controlled and precise breakage mechanisms. Most Grade Engineering 
grade by side deportment studies use conventional jaw crushing to evaluate Grade Engineering 
outcomes. This breakage mechanism has been found to deliver less selective breakage and produces 
uneven energy dissipation within ore particles especially once with hard-core gangue material. Due 
to this the jaw crusher is often optimised solely on throughput. This turns to increase the amount of 
energy utilised for particle size reduction. For the ore types tested, well controlled impact breakage 
achieved more selective breakage than jaw crushing. 
 
Reports of selective ore breakage mechanisms that promote early gangue rejection are limited in 
literature. Where selective breakage has been studied, most researchers investigated selective 
liberation of valuable minerals occurring because of material properties and the method of breakage. 
The main focus has been on impact breakage since it is the most effective breakage process in 
comminution devices (Hesse & Lieberwirth, 2018; Li, et al., 2010; King, 2001 and Sutherland & 
Fandrich, 1996). Results from Hesse & Lieberwirth (2018) and Li et al. (2010) showed that selective 
impact breakage mechanism can be controlled by controlling the impacting velocity. Their study does 
not consider using several stages of selective impact breakage, which has been identified by this 
current work to have the potential to improve grade by size deportment.    
  
The JKRBT applies kinetic energy to crush particles of rock into smaller fragments when they 
encounters a stationary anvil. It operates on the principle of rotor-stator impacting systems (Lindqvist, 
2008; Kojovic et al., 2008). The JKRBT can achieve breakage that is more precise and has the 
potential to control grade by size deportment. It has also been observed in the JKRBT that, secondary 
breakage can occur because of rebounding progeny impacting the moving rotor surface after collision 
with the anvils. This was observed given the impact marks on the rotor and the movie script recorded 
by a high-speed video camera (Larbi-Bram, 2009; Shi et al., 2009). Concern has been raised that this 
phenomena affects ore characterisation negatively and may affect the accuracy of rock breakage 
characterisation. Various analyses and experiments carried out on the JKRBT by Shi et al. (2009) 
proved that the effect of secondary breakage is insignificant in ore breakage characterisation. The key 
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point of interest in their result is that, in secondary breakage additional energy is imparted to the 
rebounding fragments after coming in contact with the moving rotor. In addition, the initial rebound 
fragment impacting the rotor was attributed to the fact that rebound fragment gain energy from the 
parent particle energy dissipation during the main breakage event. This implies that additional 
breakage can be caused without addition of further energy because the rebounding progeny attains 
residual velocity after the initial impact. Extensive review of literature has shown that there is limited 
information on secondary breakage as a tool in enhancing selective impact breakage of ore particles. 
Furthermore, a concept of developing a new lab scale impact breakage device by modifying an old 
JKRBT is perceived to generate multiple impact breakage from a single energy input. This could 
contribute to reduction in energy usage in comminution circuits since subsequent breakage could be 
achieved from residual velocities of progenies. 
  
With the increasing decline in ore feed grade and inefficiency in comminution circuits, this thesis 
therefore seeks to investigate the possibility of controlled multi-stage precise impact breakage within 
both the current JKRBT and a new impact breakage device which offer different breakage strategies 
to unlock valuable minerals in coarse fractions, and also applying the principle of fast moving anvil 
and a slow moving particle to rock impact breakage. This is aimed at understanding how both 
concepts might enhance grade by size deportment to pave way for its application in new generation 
vertical shaft impactor (VSI) machines. In addition, to access its contribution to a more selective 
impact breakage mechanism that will enhance Grade Engineering outcomes and provide a more 
energy efficient comminution process to improve economic and environmental sustainability of 
mining.  
 
1.3 Project background  
 
The thesis forms part of a major Cooperative Centre for Optimising Resource Extraction (CRC ORE) 
research project entitled “Integration of Enhanced Grade Engineering Grade by Size Gangue 
Liberation and More Energy Efficient comminution”.  
The research project is focused on increasing extraction and improving feed quality. Previous 
research conducted by a CRC ORE research team in the area of Grade Engineering, has focussed on 
increasing feed head grade through exploitation of grade by size deportment and screening as a key 
driver of increasing economic returns. The current GE protocols do not consider: 
 
 
1. the opportunity in enhancing grade by size responses through use of more selective breakage 
mechanisms;  
2. the potential energy intensity benefits (and economic impacts) of dynamically changing 
particle size distributions to the mill; and  
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3. the effect of preferential rejection of barren hard gangue particles which consume 
disproportionate energy during comminution.  
 
This project carried out extensive laboratory-based research into enhancing coarse liberation through 
controlled energy application using well-controlled breakage for a range of selected ores and 
operating conditions. The thesis further investigates and quantifies the benefits of tightly controlled; 
multistage impact breakage and autogenous crushing related to lower VSI velocities. The result from 
this thesis will be relevant to both improving energy intensity and multistage selective breakage, 
which is the main aim of the current CRC ORE project.   
 
1.4 Thesis Aims and Objectives 
 
1.4.1 Aims 
 
This study seeks to: 
1. Enhance grade by size deportment and efficient energy usage by improving selective impact 
breakage through multistage breakage strategies; and  
2. Utilise a breakage device which exploits some residual energy for some of the breakage stages 
to generated secondary breakage in order to make the process more energy efficient.   
  
1.4.2 Objectives  
The overall objective of the thesis is to investigate multistage impact breakage behaviour and how it 
can be used to improve feed grade and to improve energy utilisation. The specific objectives of the 
study are: 
1. Develop laboratory-testing protocols to assess ores for improved feed grade through multiple 
stage selective precise impact breakage. 
2. Assess the effect of ore process history on preferential grade by size deportment based Grade 
Engineering. 
3. Estimate the amount of residual velocity carried by the progeny a single rock, their direction 
of travel (trajectory) after interaction of a slow moving parent rock and a fast moving anvil, 
with the aid a high-speed video camera.  
4. Investigation of extent of secondary breakage achieved from residual velocities of progenies.  
 
The study will therefore try to provide a basic understanding of rock breakage which results from 
multiple stages of impact as well as provide the breakage data relevant to the potential 
development of the new generation VSI device. In addition, characterisation of ores in terms of 
enhanced Grade Engineering outcomes through application of more precise and selective 
breakage energies will be undertaken. 
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1.5 Research Question 
 
The focus of this research is to achieve more value with less energy, so questions being asked by this 
current study to address the stated thesis objectives are:  
 
1. In Grade Engineering applications blasting to run-of-mine material generates preferential 
grade by size deportment allowing simple screening method to effect coarse gangue rejection. 
In either case, the reject coarse material produced from this process still contains some metal 
content due to the size selective nature of the breakage device utilised;  
 
Can the application of well controlled, low impact energy to all particles be used in multistage 
precise impact breakage to gradually unlock the remaining metal of interest from the coarse 
reject material and produce much cleaner gangue material to be rejected to waste? 
 
2. How much gangue material can be rejected to waste after repeated, precise and controlled 
impact breakage of an ore material?  
 
3. To what extent does the process history of a particle influence selective breakage of ore 
particle? 
 
4. Can the residual velocity of a progeny particle produced from a single impact breakage event 
be retained to generate controlled secondary breakage? 
 
1.6 Thesis Hypothesis 
 
The hypotheses of this research that will help answer the current research question are stated as 
follows: 
 
1. Multiple stage precise impact breakage can contribute to improved feed grade by generation 
of coarse liberated gangue material which can be rejected by screening. 
 
Figure 1.4 Concept unlocking valuable minerals in coarse fraction to enhance coarse gangue 
rejection (Waste Engineering) - modified after Hesse, Popov, & Lieberwirth, 2015 
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2. The selectivity which can be achieved by precise breakage is influenced by the processing 
history of the ore particle 
 
3. After impact breakage caused by the interaction of a slow moving particle and a high speed 
anvil, the residual velocity of the progeny may be used to generate a second stage of breakage 
without the addition of further energy. There will also be further interactions of interest within 
the machine. 
 
Figure 1.5 Concept of residual velocity (𝐕𝐫) of rock progenies and recouping the K.E for 
secondary breakage 
 
1.7 Organisation of Thesis 
 
The thesis is structured into eight (8) chapters and a summary is presented below. 
 
Chapter 1 introduces the intended research work by providing a general overview of the research 
topic, the background studies and a definition of the research problem which gives the justification 
to the study. Furthermore, the objectives of the thesis and the hypothesis are then presented.  
 
Chapter 2 details the comprehensive review of the studies in the past that are relevant to understanding 
rock breakage mechanism, ore breakage characterisation, selective comminution and the effect of ore 
breakage on selective comminution. In addition, this chapter describes the impact crushers used in 
the comminution process and the basic concept on which they operate. This chapter proceeds to 
present a review of the limited published literature on size based coarse separation Grade Engineering 
levers and protocols. Finally, the gaps found in the literature that this current thesis seeks to fill are 
detailed in this chapter.  
 
Chapter 3 describes ore sample preparation, the experimental apparatus used (high-speed video 
cameras, JKRBT, new impact tester), ore sample characterisation, testing procedures/protocols, 
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testing schemes and how the data were collected and processed to investigate multistage impact 
breakage. 
  
Chapter 4 details the breakage trends observed from testing of multiple stage impact breakage (MSI) 
and single stage impact breakage (SSI). Here size analysis from low multiple stage impact energy 
breakages was compared to that of high single impact energy breakage. Furthermore, coarse gangue 
rejection performance curves were established for both MSI and SSI test procedures and assess which 
breakage method provides a much improved grade by size deportment and enhance grade engineering 
outcomes.   
 
Chapter 5 of this thesis presents a new MSI breakage method to aid further testing of the hypotheses 
set out to achieve the aims and objectives of this study. The experiment was designed to correct the 
various limitations encountered in Chapter 4 MSI test procedures. Different ore sample, minimum 
sample requirement and redeveloped MSI breakage methods are the key factors under investigation 
in this Chapter. A new Grade Engineering tool (Net Smelter Return -NSR) is also introduced for 
metal deportment assessment. 
 
Chapter 6 highlights small scale testing methodologies to investigate the influence of processing 
history on metal deportment by impact breakage. Ore particles obtained from an abrasion process 
was used in deportment studies and the results compared to processing particles without a previous 
process history. Discussions and comparisons of breakage results on how the particles’ processing 
history affects selective impact breakage are made by comparing their grade by size deportment 
results. The outcome of the analysis discusses the combined potential of using both abrasion and 
impact on coarse gangue rejection. 
 
Chapter 7 defines a systematic method used to characterise and analyse secondary breakage of 
progeny produced by a new impact tester. Furthermore, the chapter discusses the extent of secondary 
breakage by comparing test results obtained from the breakage of particles in the new impact tester 
with and without a rubber lining. Finally, the methodology of estimating residual velocities of 
progenies from a primary impact breakage event is presented. 
 
Chapter 8 recapitulates the findings of this study and recommends ways in which the outcomes of 
this work can be further improved. Suggestions for future work are also included. 
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Review of relevant literature 
The literature review covers three main areas, ore breakage mechanisms, impact crushers and 
Grade Engineering. The main objective of this chapter is to review studies that are relevant to 
understanding rock mechanism, ore breakage characterisation, mineral liberation and the effect of 
ore breakage on gangue liberation. A description of impact crushers used in the comminution 
process and the basic concept on which they operate are provided. Reviewing the limited published 
literature on size based coarse separation Grade Engineering levers and protocols are provided. 
Finally, the gaps in the literature of which the current project will be investigating are discussed.    
 
2.1 Introduction 
 
Run-of-mine (ROM) which is generated by blasting usually consists of large particles with mineral 
valuables finely distributed and interlocked in a matrix with associated gangue material. The bonds 
that exist between these materials are both physical and chemical bonds. Overcoming these bonds to 
release the mineral of interest requires unlocking the mineral of interest from its associated gangue 
material to expose the mineral surface for the further separation process. The physical process of 
reducing the size of an ore bearing mineral is termed comminution. Comminution, therefore, refers 
to the physio-mechanical breakage of ore material from one average particle size into suitable smaller 
fragments (Figure 2.1), that can be used in downstream processes (Revuelta, 2018; Wills & Finch, 
2016). 
 
Figure 2.1 Particle sizes produced from comminution with various degree of liberation (After 
Grewal, 2018) 
In comminution, there are two main processes responsible for size reduction even though it is 
presumed that comminution begins during blasting of in-situ material and haulage of blast fragments 
(Chikochi, 2017). These two main processes are crushing which involves compression and impact 
and grinding which involves abrasion, attrition, and impact (Wills & Napier-Munn, 2006; Olivas, 
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2006). The process is carried out in a sequential manner using crushers and screens followed by 
grinding mills and classifiers. The particle distribution produced by these processes predicts the 
efficiency of the process. Crushing of the ore material reduces the particle size of the ROM to attain 
a product that can be served as feed for grinding. The grinding process normally continues until there 
is a distinct difference between the valuable minerals and gangue material that are liberated from one 
another – that is, they exist in mostly separate particles (Wills & Finch, 2016).   
Comminution is considered the most energy consuming process in the mining industry and physical 
separation. Refining processes may consume much more energy but thermodynamic constraints mean 
that those energy requirements cannot be avoided. About 30-70% of the overall energy used by base 
metal and gold mining operation is attributed to comminution processes (Nadolski et al., 2014) and 
forms about 3-4% of the global electrical energy consumption (Pokrajcic, 2008). The energy used in 
comminution has become of great concern due to the issue of declining head grades of plant feed 
material. This is because, to extract the same amount of metal to meet production targets, more energy 
is required per unit of metal (Bearman, 2013).  
 
Figure 2.2 Graph of total energy consumption as a function of ore head grade for various 
process routes (after Marsden, 2008) 
 
 
An investigation conducted by Marsden (2008) of energy efficiency of copper processing to metal 
(separation of copper bearing minerals from gangue and smelting or leaching copper into solution) 
across various process routes showed that higher energy consumption cannot be avoided when ore 
grade is low. A plot of energy consumption as a function of ore head grade for various process routes 
depicting the findings of his investigation is shown in Figure 2.2. It could be clearly be seen that as 
ore grade decreases the energy consumption across the various process routes increases and vice 
versa. The relationship between ore grade and energy consumption is said to be related exponentially.  
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With the high-energy requirement associated with comminution processes i.e. crushing and grinding 
(Figure 2.3) and the continuing rise of energy consumption due to downwards trend of ore grade, 
there is the need to redefine comminution. Comminution is redefined by Bearman (2013) as the 
preferential application of energy into value-bearing material to generate a saleable product or a 
product requiring minimum further upgrade or processing.       
 
Figure 2.3 Contribution of current energy use by equipment across the mining industry 
(Powell & Bye, 2009) 
 
Given that comminution is one of the key processes in the mineral industry and also the most energy 
inefficient process, it has attracted the attention of many researchers. Typical of them is the studies 
conducted by Musa and Morrison (2009) which outlined several ways of estimating comminution 
energy efficiency and how indirect energy consumption contributes to the inefficiency of 
comminution machines. Understanding the energy-size relationship involved in ore breakage has 
been the main focus to make the process more efficient. Notable example is Napier-Munn et al. (1996) 
study, where comminution was optimised by ensuring that the minimum amount of energy is used to 
produce size distribution required for adequate downstream processes. Apart from optimising 
operating conditions, the study of particle resistance to breakage (ore breakage characterisation), has 
been recognised to be essential to design and optimisation of comminution circuits (Zuo & Shi, 2016). 
The process of coarse gangue rejection and preconcetration strategies have been utilised to reduce 
gangue material prior to energy intensity process. This approach is seen to contribute to the energy 
efficiency of comminution devices (Munro et al., 1982; Burn and Grimes, 1986, Li et al., 2010; Hesse 
et al., 2017). 
It is worth noting that almost all of comminution literature is concerned mostly with the liberation of 
valuable minerals from gangue. This project and Grade Engineering TM in general are concerned with 
liberation of gangue which can occur at much coarser sizes. The growing interest in particle by 
particle sorting is also related to opportunities for rejection of clean, coarse gangue. 
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2.2 Breakage of Ore Particle 
Breakage behaviour of particles normally occurs as a result of fracturing when the particle experience 
an applied load. Particle fracturing occurs because of accumulation of cracks that propagate and 
causes the particle to fracture or break. Particle breakage has been defined as the physical separation 
of one mass of body into different masses of progeny when under applied stress i.e. force per unit 
cross sectional area (Chikochi, 2017).  
Breakage of particles is usually predetermined by the nature of the particle (material characteristics), 
nature of the stressing condition and the environment (Tavares, 2007; Umucu et al., 2013). The 
material characteristics that is of most interest during a breakage event is the fracture strength and the 
deformation behaviour. Tavares (2007) defined the fracture strength of a particle to be the minimum 
or critical energy required to cause particles fracture during breakage and grouped them into elastic 
(brittle) and inelastic deformation. The inelastic deformation consist of semi-brittle, plastics and 
quasi-brittle with the later represented in the form of gradual accumulation of crack like damage 
(Tavares & King, 2005). The condition of stress utilised in breakage event could be classified by the 
type of stress applied (compression or shear), number of loading points, intensity of the stress and the 
rate at which the stress is being applied. The environment on the other side is normally associated 
with presence of moisture or surface active agents (Tavares, 2007).   
Schönert (2004) associated stress fields and material failure as the determinant of any breakage event. 
The nature of the failure is governed by the material properties of the particulate material and by the 
nature of the stress field around and within the individual particles (Umucu et al., 2013). An applied 
force causing a stressing condition for particles to break normally generates the stress field. Energy 
is stored during the stressing condition as strain energy. When the particle exceeds or reaches its 
fracture strength (elastic limit) micro cracks begins to form and accumulate within the particles. As 
the process continues and the criteria for failure is reached, the cracks begins to propagate forming 
macro cracks and eventually the particle breaks forming progenies (Tavares, 2007).  
The size distribution of the progenies generated and the shape of the individual progenies depends on 
the size and point of the initial crack, extent of the crack branching and the physical and mineralogical 
properties of the ore particle (Tavares, 2007; Mwanga et al., 2017). Furthermore, initial flaws and 
cracks has also been identified to play an important role in particle breakage (King, 2001; Will and 
Napier-Munn, 2006) with the latter suggesting that the presence of the cracks acts as a site for stress 
concentration when the particle is under applied load.  
Crack propagation in ore material has been found to occur usually along zones of structural weakness 
that leads to different breakage patterns. Grain shape, grain size, Young’s modulus together with 
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characteristics such as inter-granular bond strength normally has effect on the way an ore material 
breaks (Chikochi, 2017; Mariano et al., 2016). Random and non-random breakage are the two main 
type of breakage pattern found in literature to describe the way minerals are liberated, which is the 
basic purpose of breakage of ore particles.  
2.2.1 Random breakage pattern  
When ore particles break independent of the ore texture or in no definite order, the process is referred 
to as random breakage and there is no selective breakage of one mineral over the other. All the size 
classes produced from several breakage events of the parent particle have the same assay as the parent 
particle. In addition, much more energy is required to reduce the ore to sizes finer than the grain size 
of the mineral of interest (Sutherland & Fandrich, 1996). The cracks generated in the ore particles 
lack regularity and distributed randomly throughout the particle. The progeny produced from this 
type of breakage are considered to result from interconnected randomly distributed crack patterns 
(Mariano et al., 2016). This form of irregular patterns are shown in Figure 2.4.  
 
Figure 2.4 Illustration of random fracture pattern distributed throughout the mass of the ore 
particle (Mariano et al., 2016). 
Stamboliadis (2008) used random breakage to model mineral liberation by performing several stages 
of random breakage pattern. The model was developed to predict the distribution of particles of the 
same size class into different grade classes. The mass balance between the parent material and the 
progenies set the limit for grade distribution and determines the probability of new particles acquiring 
any grade in the available grade. It was found that the probability of grade reporting in a size class is 
random. All mineral grade within the parent particle has equal chances of appearing in a size class, 
or may be selective or some may have a greater chance appearing than the others. It was then 
concluded that the several stages of the breakage pattern bring about a mineral liberation model that 
gives the grade probability density of each size class. The model was simple to understand since it 
was based on the assumption of simple ore texture i.e. two mineral phases.   
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Most comminution machine are usually assumed to utilise random breakage (Wills & Finch, 2016). 
The random breakage produce by some of the machines such as ball mill producing complete mineral 
liberation due to uniform nature of some ore particles. This form of breakage observed is said to be 
unselective since the path of crack is not affected by the mineral composition of the ore particle.  
Furthermore, the high energy associated with the comminution devices makes them liable to achieve 
unselective breakage since particles are hit so hard to produce smaller progenies. This energy is 
mostly seen to be above specific energy (Ecs) producing 30% of the material passing through sieve 
aperture corresponding to one-tenth (1/10th) the initial feed size particle (t10).    
2.2.2 Non-random breakage pattern    
When an ore particle breaks differently with respect to the different mineral phases (ore texture) 
present in the ore particle, the process is called non-random breakage. This form of breakage is 
normally referred to be selective breakage. The pattern is considered non-random because the path 
along which the crack propagates is influenced by an existing flaw or a property of the ore such as a 
phase boundary. The image in Figure 2.5 illustrates what a no-random breakage pattern looks like.  
 
 
Figure 2.5 Non-random breakage pattern (Chikochi, 2017) 
 
Preferential breakage and interfacial breakage or grain boundary fracture are the two main sub 
division identified in literature to be associated with selective breakage (Hesse et al., 2015). Different 
mineral phases have different breakage characteristics so they tend to break in different ways. 
Generally, when ore particle consisting of soft and hard mineral is subjected to breakage, the soft 
mineral is expected to break more severely compared the hard mineral. The proportion of the soft 
mineral will be higher in the fines than in the feed material; similarly the hard mineral be more present 
in the coarse fraction. This type of breakage is normally due to the differences in properties of mineral 
phase types and the mineral composition. This form of breakage is termed preferential breakage 
(Sutherland & Fandrich, 1996). Grain boundary fracture on the other hand is when ore particle breaks 
as a result of the weaker interphase assemblage strength compared to the strength of individual 
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mineral phases. A crack which propagates along the grain boundary and liberates the preferred 
phases. This breakage is also known as interfacial breakage (Xu et al., 2013). This type of fracture 
only happens when the propagation energy only exceeds the boundary strength by a small amount. 
Higher energy cracks tend to propagate in straight lines unaffected by phase boundaries or mineral 
grains. At still higher energies the cracks tend to split into more cracks (bi-furcate) with even less 
selectivity. Mineral processors have long been interested in using selective breakage to reduce the 
huge amount of energy used in grinding to achieve good liberation of target minerals. However, the 
main device used for grinding to liberation size is the ball mill which generates a very broad 
distribution of energies (Cleary, 2001). Due to this a much lower energy used in a primary 
comminution device to produce smaller particle for grinding can be exploit to achieve selective 
breakage of particles.  
2.3 Ore Breakage Mechanism 
Two main types of stress are used to achieve breakage. One form causes major damage which results 
into disintegrative fracture (body or classical breakage) and other causes minor damage where particle 
suffers gradual wearing of the surface leaving the parent particle largely intact. These stresses are 
compressive (Tavares, 2007) stress and shear stress (Bridgwater, 2007) respectively. 
2.3.1 Surface breakage 
Surface breakage occurs as a result of high shearing stress resulting from forces acting parallel at the 
surface of the particles (King, 2001). This breakage mechanism utilise low energies (Larbi-Bram, 
2009) to cause damage to the particle surface. The progeny from this form of breakage is normally 
of very fine sizes together with smoothed surface of parent particles (Revuelta, 2018). The two main 
modes which are considered to generate this form of breakage are attrition and abrasion (Wills and 
Napier-Munn, 2006). Figure 2.6 shows this mode of breakage.  Abrasion and attrition normally are 
expected to remove minerals which are found on the surface of an ore and are mostly associated with 
grinding mills.   
 
Figure 2.6 Illustration of abrasion (a) and attrition (b) forms of surface breakage (after 
Chikochi, 2017) 
(a) (b) 
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2.3.2 Body breakage  
Body breakage usually involves breakage of particles by compression between two surfaces or impact 
against a rigid surface with the latter of interest in this study This mode of breakage has been identified 
to be the most elementary size reduction process and the most effective breakage process in 
comminution devices (Bbosa, 2007: King, 2001). Impact breakage has received attention from most 
researchers with the main focus on understanding the breakage mechanism. Two main methods are 
used to achieve breakage by impact i.e. stationary particle being struck by a rigid object and a particle 
propelled against a static target or suspended particle being struck by a moving object (Austin, 2002).  
A minimum force is required to cause fracture and reduce the particle size of ores in all comminution 
process. The application of force cause ore particles to shatter into broad spectrum of fragments when 
the applied force in the form of stress is greater than the fracture strength of the ore particle (Revuelta, 
2018). Usually, a particle tends to fracture at areas where there is more concentration of stress and 
spreads through the particles via weak planes (i.e. stress raisers or inter-granular) (Gupta & Yan, 
2016). In impact breakage, the type of stress applied on ore particles is in the form of kinetic energy. 
Energy is transferred rapidly to particles when a constrained stationary particle is struck by a rigid 
object (Figure 2.7a) or a particle is propelled against a static target (Figure 2.7b) or a suspended 
particle is struck by a moving object (Figure 2.7c).  
a.  
 
b.   
 
c.   
 
Figure 2.7 Illustration of various forms of impact breakage 
 
The particle then tends to absorb this transferred energy after contact with the striker or rigid surface. 
If the absorbed energy is significantly greater than the energy required to cause simple fracture in the 
particle, the particle will disintegrate immediately into small fragments depending on the extent of 
damage and applied force (Revuelta, 2018; Tavares, 2007). On the other hand, when the absorbed 
energy is less than the fracture energy of the ore particle, the ore particle will survive the initial impact 
but will tend to disintegrate with subsequent impacts. This is because with every impact the particle 
survives, the stiffness of the ore particle progressively degrades causing weakening of ore particles 
V 
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(Tavares & King, 2002). This show a relationship between the stress patterns generated when a 
particle is struck and the impacting energy (Austin, 2002). 
In any of the cases in Figure 2.7, the initial action is local failure at the point(s) of contact generating 
enough area to transfer a load into the body of the particle. The particle then deforms elastically until 
its elastic limit is reached. The elastic limit may be controlled by the material or matrix of the particle 
or more often by its flaws or by embedded grains of mineral with different strength from the particle 
matrix. If the input energy does not exceed the elastic limit, the drop weight will bounce or the particle 
will be reflected away in each case of Figure 2.7 (a) and (b).  
Input energies which exceed the elastic limit by a small amount will cause permanent damage and a 
low probability of fracture (Morrison et al., 2009). At higher input energies, when the probability of 
fracture tends to unity, well tested models for probability of breakage and prediction of progeny 
distributions have been published. At a more detailed level, the actual fracture within a particles 
probably occurs in steps. Work done by Tavares and King (2002) and Saeidi, et al. (2016) put forward 
models of the process for loading at both ends of a constrained particle (Figure 2.7 a.). The loading 
conditions for cases b and c in Figure 2.7 are found to be more dynamic and with no detailed models 
being found in the literature. However, Shi and Kojovic (2007) have published empirical models for 
the JKRBT which is case Figure 2.7 b.  
Impact breakage of ore particles could be seen as a relatively high energy single impact event or low 
energy repetitive/incremental impact event. The product size produced from both breakage events are 
expected to be different since the latter involves accumulation of incremental damages during the 
breakage event (Bonfils et. al., 2016).  
2.4 Multiple Stage of Impact Breakage 
Particle breakage due to repeated or multiple impacts can be found in almost all comminution devices, 
such as impact crushers, vertical shaft impactor (VSI), hammer mills and jet mills.  Even SAG and ball 
mills provide multiple impacts although their major action is abrasion mechanism. The impact breakage 
mechanism can be well described by the combined t10 and size model (equation (3-1)) put forward by 
Shi and Kojovic (2007) except at very low input energies. In recent years, repeated impact breakage has 
been the interest of researchers with focus on single particle repeated impact breakage to better 
understand the process and use it for mill modelling (Saeidi, et al., 2016; Tavares, 2009; Larbi-Bram, 
2009; Morrison et al., 2007; Han et al., 2006; Tavares & King, 2002).  
Multi-Stage impact breakage according to impact breakage can be defined as a sequence breakage 
events that precedes a primary breakage events with each subsequent event absorbing sufficient 
energy to break particles into primary progeny and each progeny then serves as new feed to 
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subsequent breakage stages (Saeidi et al., 2016). The Saeidi et al. (2016)’s definition was based on 
the assumption that every breakage event that occurs in the form of impacting a particle with strikers 
is a combination of sequential breakage events or stages; which are primary breakage, spatial 
distribution (classification function), and the capture of fragments (selection function) that are 
repeated in stages until the energy is depleted, to form the final fragmentation product. It should be 
noted that their utilised drop weight tester (as in Figure 2.7 a) and those does not apply to this studies 
but the concept behind the definition of multi-stage impact breakage made is similar (i.e. progenies 
attaining kinetic energy after primary impact) to that being proposed.    
Also, theoretical fatigue model proposed by Han et al. (2006) further gives the verdict on multi-stage 
impact breakage. This model explains how the fatigue strength of a single particle under impact 
breakage event changes under repeated impact experiments. Results from experiments conducted 
using NaCl, GNP (fertilizer granule based on phosphate) and potash were used to validate the 
predicted model. In order to measure the strength of particle after each impact breakage test, 
assumptions were made. The assumption was based on the fact that weakest particles break at each 
impact and the particles surviving the impacts becomes weakened, thereby reducing the survivability 
of that particular particle. 
Tavares & King (2002), highlighted that the ability of a particle to withstand initial impact and break 
only after several stages of stressing is attributed two main reasons. These are: 
1. the strength of a particle depends on its orientation, so that repeated impacts are required 
before a favourable orientation relative to pre-existing flaws may be found in the particle; and 
2. during repeated impacting, pre-existing defects may be able to grow and reach critical size or 
concentration. 
Generally in literature multi-stage, repeated, incremental impact breakage have all been used to 
describe similar phenomena of impact breakage. The sole purposes of these studies is to help 
understand the mechanism behind this type of breakage i.e. why rocks behave as they do under this 
type of breakage and also to provide ore breakage characterisation data for modelling of comminution 
devices using various forms of simulation in order to minimise the use of energy.  
Literature has it that in achieving multi-stage impact breakage, low energy repetitive impact gradually 
causes the accumulation flaws and growths of crack-like damage (Larbi-Bram, 2009) and high energy 
impact breakage used to cause initial breakage of particles and the surviving particles are sent back 
for second impact breakage using additional energy. The use of single impact energy to cause primary 
and secondary breakage is limited in literature with the closest comparison being double impact 
(Saeidi, 2016; Tavares, 2007; Sahoo, 2006).  
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The selective breakage nature of multi-stage impact breakage was evident in a study carried out by 
Morrison et al. (2007). The aim of the study was to model incremental breakage by low energy impact 
to be used in DEM simulations. It was established that for various ore types, different minimum 
specific energy, E0, was required for damage by impact breakage. E0 as defined by Morrison et al. 
(2007) is the minimum required specific energy Ecs required to achieve damage which might 
eventually lead to breakage of the core of the particle. It  can be estimated from the probability of 
survival of a particle after successive impacts or from the severity of breakage after successive 
impacts. With ore types comprising of different mineral components having different E0 severe 
damage can be cause to the mineral component with lower E0 leaving the mineral component with 
higher E0 completely undamaged or less damaged when the lower E0 is applied repetitively. The 
product size distribution estimation will depend on the dominant mineral component of the ore type.  
This approach is being considered by the current studies of having the potential to enhance coarse 
gangue separation since when a screen is applied to the product of the breakage event described above 
the mineral component with higher E0 can be effectively separated from the mineral component of 
lower E0 .  
2.5 Impact Breakage Devices  
Impact breakage devices usually run on the rotor stator system using high speed impact as a breakage 
mechanism rather than compressing between two surfaces to break rock materials. Kinetic energy is 
being transferred to ore particles when they come into contact with its moving parts nicknamed 
“beaters or strikers” (Wills & Finch, 2016) or more formally, anvils. Breakage rate of rocks in devices 
which uses compression between two surfaces i.e. jaw and cone crushers are considered to be 
relatively low compared to impact breakage devices which uses shorter time scale and implies a 
dynamic crack propagation that leads to a much faster failure of the particles (Nikolov, 2002). Impact 
breakage devices have a broader utilization in the quarrying industry than in the metal mining industry 
but have been in the spotlight receiving much more attention because of the high crushing ratio, easy 
modification of the product size distribution and a good ‘cubic’ shape of the product (Nikolov, 2004). 
Also, impact breakage devices has been found to be a promising breakage device in the area of energy 
efficient and selective rock breakage. A major disadvantage with this type of breakage devices is the 
issue of high wear rate associated with its moving parts and liners. Impact breakage devices are mostly 
considered as tertiary crushers accepting feed size of about 14-100 mm and generating product size 
of 10-50 mm (Olivas, 2009).  There are various type of impact breakage devices but hammer mill and 
vertical shaft impact crusher (VSI) are of much interest in the current studies. The breakage 
mechanism, size distribution of products and the general working principles will be discussed in detail 
in the following section.  
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2.5.1 Hammer Mill 
The hammer mill consist of fixed heavy metals hammers or bars (beaters) attached to the edge of a 
horizontal high speed rotating discs known as rotor. The hammers are fixed in a way that oversize 
materials are not prevented from entering the crushing chamber. Material is fed into the crushing 
chamber by gravitational force (free fall) or a metered feeding system (Liu, 2017). Upon entering of 
the feed material into the crushing chamber, it is shattered as a result of impacting the rotating 
hammers to generate smaller particles. The particles are then thrown against the shell of the crushing 
chamber which causes subsequent reduction in the particle size.  Also, the particle-to-particle 
interactions (collisions between particles) plays a vital role in the breakage process. Materials broken 
to a required size are forced over a discharged screen by the hammer and the unbroken materials 
swept around for another crushing cycle until they meet the required size for broken material. The 
material generated from the hammer mill usually contains high proportion of fines because of the 
high velocities given to the particles which results in more attrition mechanism (Wills & Finch, 2016; 
Gupta & Yan, 2016).  
The hammer mill in recent years has become more popular due to the uniformity of the size 
distribution in its products as well as the high reduction ratios and high achievable throughput per 
unit time (Kwon et al., 2014). Despite its great advantages, the high rate of wear and tear of the 
hammers, grates and inner shell as a result of crushing of hard materials has been the major setback 
to the application of this device. Also, the inability to control the product size has contributed to the 
disuse of the hammer mill (Wills & Finch, 2016; Gupta & Yan, 2016; Dey et al., 2013). Dey et al. 
(2013) conducted studies to look at the possibility of reducing wear in the impact hammer mills when 
relatively harder minerals are crushed. It was observed that a high rotor speed with a low to moderate 
feed rate gives better mill performance. The mill generated less fines which was used as a measure 
of degree of attrition and indirectly as the measure of wear. They concluded that impact hammer mill 
can be used for the comminution of harder materials under controlled conditions. The impact mill 
and the swing hammer, which is normally used in the coal industry, basically operates like the 
hammer mill but only different in the way of design (Gupta & Yan, 2016; Takeuchi et al., 2010). 
The work done by researchers on hammer mills has only focused on trying to control the product size 
and also to solve the wear issues associated crushing hard ore materials but they have not considered 
its application to achieve a well-controlled selective breakage mechanism. The current studies have 
identified that hammer mill will not be a suitable candidate for selective breakage mechanism because 
of the uncontrollable nature of particle breakage within the crushing chamber.   
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Figure 2.8 Schematic diagram of  (a) hammer mill and (b) impact mill (Wills & Finch, 2016) 
2.5.2 Vertical Shaft Impactor (VSI) 
The working principle of the vertical shaft impactor is quite different from hammer mill or impact 
mill. VSIs has a high speed rotor with wear resistant tips and a main chamber (crushing chamber) 
which is designed in such a way that the moving rotor throws the rocks against the high crushing 
chamber. The predominant breakage mechanism is rock-on-rock impact (Lindqvist, 2008). When 
feed enters the VSI, portion of it is dispersed into the crushing chamber by the dispersing cone and 
the other portion falls down into the rotor. The breakage process begins when the rotor propels the 
particles centrifugally and impact it against the surrounding bed of rocks formed around the anvils of 
the crushing chamber.  The rotor continuous to discharge particles into this highly turbulent bed of 
rocks where size reduction is achieved by rock to rock impact, attrition and abrasion. Particles are 
considered to break randomly and sometimes particles pass through the crusher unbroken (Wills & 
Finch, 2016; Lindqvist, 2008).  
In other configuration, the VSI’s shaft is outfitted with wear-resistant shoes that catch and throw the 
feed particles against anvils that lines the walls of the crushing chamber. The force of the impact, 
from the particle striking the shoes and anvils, fractures it along its natural faults (Marcotte, 2016). 
The product size produced in the VSI are normal cubical across all the size fraction making it desired 
for its application. Its large amount of fines generation and wider size distribution cannot be 
underestimated. When compared to other tertiary crushers, VSIs is deem to have a higher energy 
efficiency (Lindqvist, 2008; Numbi & Xia, 2016).  
(b) (a) 
   25 
 
Figure 2.9 Schematic diagram of Vertical Shaft Impactor (Segura-Salazar, et al., 2017) 
A number of studies has been reported in literature relating to VSI performance. Most of them focused 
on predicting the outcome of the product size distribution (Kojovic, 1996; Nikolov, 2002; Nikolov, 
2004; Segura-Salazar et al., 2017) with others looking at enhancing comminution circuit efficiency - 
reducing the high wear rate (Numbi & Xia, 2016; Lindqvist, 2008; Bengtsson & Evertsson, 2008).  
A comminution apparatus was invented by Dr. Robert Morrison in 2016 under the Australian patent 
No. 2016218929. This invention sprouted from the issues and problems i.e. wear, inability to provide 
for breakage of smaller particles by larger ones and capacity limitation facing the current VSI devices. 
The invention was aimed at solving these problems or at least provide an alternative to the prior art 
which will help decrease wear and improve energy efficiency.  
In the further aspect, fourth embodiment of this invention, it was mentioned that the comminution 
apparatus is adapted to break softer mineral components with the ability of keeping the harder mineral 
component intact. It was further stated that this embodiment has the tendency to achieve multiple 
stages of selective breakage with the aim of reducing the particle size of softer mineral components 
in a feed material, comprising of soft and hard mineral component, to a desirable size fraction where 
they can be removed by screening from the discharge of the apparatus, affecting comminution and 
degree of separation.  
Detailed knowledge on the amenability of VSI to selective breakage has being lacking in literature. 
The current  project of which this thesis forms part, has identified various methodologies with the 
aim of enhancing coarse liberation through controlled energy application using the next generation 
VSI technologies for a range of selected ores and operations. One of the methodologies constituting 
this current research study is to look at the secondary breakage generated within the VSI, which 
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occurs as a result of progenies coming into contact with the anvil after initial breakage. To better 
understand this phenomena, the current study will be conducted on single particle breakage testing 
rather than a batch particle breakage associated with VSIs. A well-controlled impact energy will be 
delivered to the particles using a device built on the impact crushers’ breakage technology. Results 
produced from the studies will serve as vital input to the VSI based selective comminution device 
which could be a suitable candidate to help improve energy consumption in comminution processes. 
Work conducted by Lage et al. (2019) utilised a lab scale VSI to enhance coarse gangue rejection 
application. Results obtained from their studies were very encouraging when compared to the 
conventional jaw crushing.    
2.5.3 Petukhov and Kalman Impact Machine 
A schematic diagram of the impact machine developed by Petukhov and Kalman (2003) is shown in 
Figure 2.10. The apparatus uses the concept of moving the target to hit the particle instead of the 
normal way of propelling the particles against a target. It operates in a vacuum which helped it reduce 
errors caused by air streams and turbulence. The principle of operation was to accelerate targets that 
are assembled at the periphery of a rotating disc towards particles that are fed at a very slow rate or 
with a low velocity with impact velocity reaching about 250 m/s.   
 
Figure 2.10 Petukhov and Kalman Impact Test Rig (Petukhov and Kalman, 2003) 
Photograph  taken from initial testing of this apparatus using a high-speed digital video camera; 
Model PCI 8000 SC (Redlake Imaging), at 500 frames/s,  show a similar breakage phenomena with 
the current breakage device which is reported in the study. The photograph showed a high degree of 
fragmentation when  Dead Sea Salt with  initial particle size of  2 to 2.36 mm was impacted with a 
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rotor speed of 1000 rpm, which resulted at 15.7 m/s linear velocity. Even though the apparatus was 
not built to test secondary breakage, the effects of secondary breakage could be observed where after 
collision of particles with the rotating targets, particles further broke upon collision with the channel 
walls on their way to the collecting channel and box. This observation was further examined by 
having a rubber lining on the channel wall in one experiment and the other without. Potash particles 
of size range 2 and 4 mm were subject to impact in both cases. The undersize of -2mm particles where 
removed from the product and used to estimate the breakage probability. Figure 2.11 below shows a 
graph of the under 2 mm %, d50 and the impact velocity. The result showed that more undersize was 
generated with the experiment without rubber lining compared with rubber lining indicating that 
secondary breakage can increase the mass of the undersize by more than 10% (Figure 2.11).  
 
Figure 2.11 Effect of Secondary Impacts on the breakage of potash particles. (Petukhov and 
Kalman, 2003) 
Although the apparatus was found to produce some extent of secondary breakage and also met other 
requirements, further testing showed that the apparatus is limited to testing of smaller size fractions. 
Also, it was found out that there is no trigger which synchronized the fall of the particles and the 
rotation of the targets to provide a direct collision between the two. Collision in this apparatus were 
sometimes ineffective with particles colliding with the top of the target. Furthermore, loss of material 
was another issue faced by this apparatus and in order to prevent this issue the apparatus has to be 
dismantled to remove material. Experiment conducted showed that even though there is significant 
difference between the percentage of undersized particles and the median size of the collected and 
lost material, the effect of the lost material was essentially negligible. The aim of the current breakage 
device being developed for this study is to integrate a sensor based triggering of the feeding 
mechanism (free fall) when the rotating anvil reaches the appropriate angle to provide a head on 
collision. Larger size fractions will also be able to be tested up in the range of about 45 mm and the 
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collection chamber will be right beneath the breakage zone to avoid or reduce material loss. Finally 
this test rig developed by Petukhov and Kalman (2003) does not consider preferential grade by size 
deportment and other studies involving it was based on studying the effect of increase of number of 
impacts and impact velocity increase on the crushing strength of a particle (fatigue model) (Han et 
al., 2006).   
2.5.4 The VeRo Liberator ® Comminution Machine 
The VeRo (Velocity Rotation) Liberator® is a new comminution system, which breaks rocks by 
applying a high‐velocity and high‐frequency impact comminution. This machine was developed by 
PMS GmbH Company, based in Hamburg, Germany and it has evolved in the last five years from a 
small lab scale test unit to a 100 t/h industrial scale machine (Borg et al., 2017). It operates completely 
dry and Borg et al. (2017) suggest that this device has very low energy consumption and high 
reduction ratios of 100 to 480 in a single pass, although complete data set including the wear has not 
been published yet..  
The main feature of the VeRo Liberator® is a vertical axle-in-axle system with high-velocity rotation 
as it main operating principle. The ore falls through the main tower by free fall, where it is subjected 
to high-frequency, high-speed impacts. The axles turn both clockwise and anticlockwise against each 
other, multiplying the already high impact forces. The impact tools which consist of about 144 
hammer tools of approximately 90 cm radius each, rotate at high speeds and each piece of ore is 
assured to get hit numerous times by the hammers. Breakage of particle occurs as a result of particle 
impacting the hammer tools, impacts on the rigid armoured casing and collision with other particles 
(Borg et al., 2015a; Borg et al., 2015b). Various test conducted on this machine has shown results of 
high reduction ratio and high degree of particle liberation with breakage mechanism claimed to occur 
predominantly along particle boundaries by inter-granular fracturing.  
Notwithstanding its numerous advantages and benefits published by the inventors, no independent 
thirty party testing results of this machine was found in literature to either support or confirm the 
original findings of the inventors. This spotlight the VeRo Liberator® as an emerging comminution 
technology and more test work and data will be required to actually claim the machine delivers the 
benefits its associated to. Furthermore the claim about the high degree of liberation attained by the 
VeRo Liberator® only allow ease of metal recovery at a relatively lower size fraction (<500 μm) for 
process like froth flotation and solvent extraction (Borg et al., 2015a). Its ability to provide coarse 
gangue liberation is not considered in its application or is beyond its capability since it designed to 
achieve high velocity and high frequency impact. This makes it unsuitable to deliver low impact 
selective breakage which is the main focus of this studies.  
   29 
2.5.5 The JKRBT  
Investigating multi-stage breakage of particles with single impact energy, this present work proposes 
the application of this form of breakage to earlier gangue rejection technique (Grade Engineering TM). 
This concept requires the use of breakage that is more precise and well-controlled breakage using 
kinetic energy. A team of comminution researchers at the Julius Kruttschnitt Mineral Research Centre 
(JKMRC) developed a rapid breakage tester called the Julius Kruttschnitt Rotary Breakage Tester 
(JKRBT). This was developed to overcome the lack of precision in the energy input, the lengthy time 
required to run individual tests and the challenges encountered in testing small particles associated 
with the Drop Weight Tester (DWT). The current study will use the JKRBT because the DWT is time 
consuming and a lot of time is required to measure a sufficient number of particle to obtain 
statistically valid results.  Furthermore, the breakage is not precise since the specific energy depends 
on the weight of the falling metal and mass of the particle. The JKRBT is known for its precise 
breakage, since it uses a rotor-stator impacting-system, in which particles gain a controlled kinetic 
energy while they are spun in a rotor before being propelled one-by-one through a number of guiding 
radial channels. This is also evident, in equation (2-1) which show that the specific energy solely 
depends on the velocity of the particle, but not the mass (Shi et al., 2009).  
 
  𝐸𝐶𝑆 =
𝐸𝑘
𝑚
=
0.5 × 𝑚 × 𝑉𝑖
2
𝑚
= 0.5 × 𝑉𝑖
2 = 0.5𝑉𝑖
2 (2-1) 
 
Where ECS is defined as Specific Energy, Ek the kinetic energy, m the mass and V the velocity. One 
major concern associated with this breakage tester, which will be exploited in regards to this current 
work, is the key issue of the particles rebounding and impacting the moving rotor surface after hitting 
the stationary anvil causing secondary breakage. The rebounding of the particle was found to be 
caused by a residual velocity attained by fragments after the initial fragmentation (Shi et al., 2009). 
More recent work investigated the amenability of JKRBT in generating additional (multiple) impact 
breakage of particle through rebounding and ricocheting of unbroken particles against the rotor using 
experimental and DEM simulation procedures. Testing of iron ore pellets in this investigation showed 
that the iron ore pellets broke more than expected when the results were compared to that of drop test 
(Da Cunha et al., 2018).  
Recently, the precise nature of the JKRBT has attracted researchers to deploy it in selective breakage 
testing. Mariano & Evans (2018) sought to establish a link between breakage energies and mineral 
liberation properties of ores, using the JKRBT as a test device.  The breakage test was conducted 
using a gold-bearing pyrite and a copper sulphide ore. Breakage energies used were across lower (0.1 
kWh/t and 1.0 kWh/t), and higher (2.5 kWh/t) energies with sub samples of each product size fraction 
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analysed using an FEI Mineral Liberation Analyser (MLA). Their findings showed that the energies 
applied by using the JKRBT does not affect the liberation of minerals (pyrite and chalcopyrite) into 
each product size fraction. They concluded that the degree of liberation remains almost constant 
irrespective of applied impact energy in comminution.  
Interestingly, the observations of Mariano & Evans (2018) were quite similar to those of Huang & 
Shi (2018), with the latter using a copper-gold ore and a portable handheld XRF analyser (for product 
analyses). Their study found that the mass distribution curve of the products was almost identical to 
that of the copper recovery distribution curve. When the results were plotted on the pre-concentration 
graph (cumulative metal recovery, % against cumulative mass recovery, %), the potential of 
recovering most of the copper metal in small mass ratios at the expense of rejecting high mass ratio 
with less copper metal looked unlikely.   
The most recent investigation that reports considerable preferential deportment of minerals into finer 
sizes when the JKRBT was used, is the research conducted by Morrison et al. (2017). This research 
used two copper ores, which were tested under two specific energies (0.3 kWh/t and 0.4 kWh/t). 
Researchers observed that lower energy was able to produce a better upgrade in the fines for both ore 
types. Based on their result, they suggested that it is possible to deport most copper metal from coarse 
to fines by tuning the breakage energy. It was recommended that several stages of precise breakage 
have the potential to further improve the preferential deportment of minerals into fines, which will 
help in rejecting the barren coarse material to tails.  This analogy generated the rationale behind these 
current studies. Preliminary results of applying breakage of particles in JKRBT to enhance grade by 
size Grade Engineering showed by tuning the breakage energy, copper concentration reduces in the 
coarser size fraction and can be removed subsequently by screening. It was found that there is the 
potential to use precise breakage to further reject barren particles and further suggested that several 
stage of this precise breakage may further enhance this effect. (Morrison et al., 2017).  
2.6 Pre-concentration  
Pre-concentration is simply the process of drastically reducing the amount of ore feed and increasing 
amount of feed grade that reports to inefficient comminution systems and energy intensive 
downstream processes. By doing pre-concentration the overall mining operation is enhanced through 
significant saving of energy, mining deposits below cut-off grade and operational cost. The economic 
gains associated with reducing comminution energy cannot be underestimated (Bamber et al., 2008). 
Existing studies on production scale application of pre-concentration are limited, pin pointing the fact 
that this area of research is still evolving. Only a few mining operations has incorporated pre-
concentration techniques to their process route and published it in literature. Most notably are 
Bougainville Copper Limited (BCL) Panguna Cu-Au mine in Papua New Guinea (Burn and Grimes, 
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1986) and Mount Isa Mines Dense Media Plant operations (Munro et al, 1982). The pre-concentration 
technique used by BCL was a simple screening process and they produced a result showing that for 
upgradable material there is the possibility of recovering about 60 and 70% of copper and gold in 
about 30 to 40% of the weight in the undersize. The graphs below (Figure 2.12) shows the upgrading 
characteristics of different ore types at Bougainville Copper. This preconcentration operation at BCL 
was the genesis of Grade Engineering TM which is the main area of focus in this thesis.  
 
    
a. Gold (Au) preconcentration curves    b. Copper (Cu) preconcentration curves 
Figure 2.12 Upgrade characteristics of different rock types used for the application of pre-
concentration by screening at Bougainville Copper Limited (Carrasco, 2013) 
 
Other research studies have also investigated performing pre-concentration underground in a narrow-
vein mining situation. This investigations were basically aimed at reducing tramming and hauling 
cost and increasing metal recovery in downstream processes (Murphy et al., 2012; Bamber et al., 
2006). Generally, pre-concentration techniques uses early gangue rejection to improve energy 
utilization in mineral processing circuits. The mineralogy of an ore is normally used in determining 
the potential and suitability for early gangue rejection (Klein et al., 2003).  Pre-concentration employs 
a range of different strategies such as selective blasting to enhance the throughput of higher grade of 
feed material, use of sensor based ore sorting and size by size screening to exploit selective breakage 
i.e. preferential and grain boundary breakage and associated grade by size deportment (Carrasco, 
2013). 
In addition, other strategies such as coarse floatation, dielectrophoresis and coarse gravity separation 
can also be used to pre-concentrate valuable minerals from gangue at different particle sizes 
(Ballantyne et al., 2012).  To be able to choose the right pre-concentration technologies, there requires 
prior metallurgical testing to look at the ore and establish any exhibiting properties that could be 
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exploited. These properties could help in determining the right pre-concentration technology to 
deploy. It should be noted that not all ore types might be amenable for pre-concentration. 
Nevertheless, the full benefits of pre-concentration could be reaped with effective collaboration and 
bridging the gap between geologist and metallurgist. This area is gradually being bridged with the 
emergence of the field geometallurgy, where ores are better understood and a more likely process 
route identified for optimal mine-to-mill flow sheet design (Murphy et al., 2012). For this thesis the 
grade by size approach for preconcnetration will be explored.  
2.7 Existing studies on grade-by-size deportment   
Grade-by-size deportment typically uses physical separation such as screening after coarse particle 
breakage. Some ore particles after breakage turns to preferential deport metals into different size 
fractions. The deportment is deemed to be achieved where breakage occurs by utilising inherent 
property of an ore. This type of breakage process is termed selective form of breakage. Selective 
breakage (also referred to as selective comminution) has been identified to be beneficial for treatment 
of raw materials especially if it will be utilised in pre-concentration process. It uses preferential 
breakage and interfacial breakage as a tool in breaking particles into different size fractions within a 
comminution system (Hesse and Lieberwirth, 2018).  
There are three main components of importance in delivering selective comminution: characteristics 
of the feed material, comminution technology or device and the separation process, with feed material 
defining the potential for selective comminution. Characteristics of the feed material i.e. strength, 
toughness and density can be exploited by comminution devices. When exploiting this potential, 
comminution devices has to also take into consideration the kind of loading, loading frequency, 
velocity and energy since they have influence on them (Hesse et al., 2015). The separation technology 
can still use simple screening technique as previously used in literature to effect grade-by-size 
deportment (Burn and Grimes, 1986). So for selective comminution to be successful there should be 
a good link between the suitability of the material characteristics for selective comminution and 
suitability of the comminution technology for selective comminution. Table 2.1 gives the full detailed 
suitability relationship between the two parameters. 
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Table 2.1 Relationship between Material Properties and Comminution Technology for 
Selective Comminution Suitability 
Suitability of the 
comminution technology 
for selective comminution 
Suitability of material properties for selective 
comminution 
Suitable Not Suitable 
Suitable Selective Comminution 
Non- Selective 
Comminution 
Not suitable 
Non- Selective 
Comminution 
Non- Selective 
Comminution 
       (Source: after Hesse et al., 2015).    
2.7.1 Li et al. (2010) preferential coal deportment studies   
 
Li et al. (2010) studied the use of direct-impact prior to sieving of coal and gangue. The criteria for 
their studies was to use the difference in terms of hardness and size distribution between the gangue 
material (Sedimentary waste bands) and coal. An impacting device configured as shown in Figure 
2.13 was used. The impacting velocity was controlled within the range 6-14 m/s. The limiting sieve 
plate used to separate waste was 50 mm. The material above the sieving plate was disposed of as 
gangue and the material below as coal. Table 2.2 and Table 2.3 shows the hardness of the material 
used and crush ratio Y of material below the 50 mm screen size respectively.  
 
Figure 2.13 Configuration of the System to Reject Coal Coarse Size Fraction (1) Breaking 
board, (2) High speed conveyer belt, (3) Pressing belt, (4) Chute, (5) Classification screen, (6) 
Driving device, (7) Equipment frame (Li et al., 2010). 
Comparing the hardness prior to direct impact with the crush ratio, Y, it could be seen that most of 
the coal which had a lower hardness coefficient (soft) recorded much higher crush ratio below 50 mm 
than the gangue material (higher hardness) across the various impacting velocity. This findings 
corresponds to the statement by Sutherland & Fandrich (1996) that when ore particle consisting of 
soft and hard minerals are subjected to breakage, the soft mineral is expected to break more rapidly 
compared to the hard mineral. The mineral assay of the soft mineral will be greater in the fines 
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compared to the feed material and the mineral assay of the hard mineral will be greater in the coarse 
fraction. 
Table 2.2 Hardness of the Coal and Gangue Material from three Coal Mines 
Material 
Liangzhuang  
Mine 
Daliu Mines Jiahe Mines 
Coal Gangue Coal Gangue Coal Gangue 
Hardness 
Coefficient 
1.14 3.27 1.54 3.82 2.65 6.57 
                      (Source: Li et al., 2010) 
Table 2.3 Crush Ratio Y below 50 mm (%) 
Mine Material 
Impacting Velocity (m/s) 
6 8 10 12 14 
Liangzhuang 
Coal 59.46 67.47 78.95 86.62 95.82 
Gangue 9.54 13.76 21.87 32.11 45.63 
Daliu 
Coal 40.64 49.66 60.73 73.62 86.47 
Gangue 8.12 12.68 19.23 27.64 35.16 
Jiahe 
Coal 16.91 27.98 36.51 46.68 57.24 
Gangue 4.23 7.76 13.63 19.47 25.85 
                     (Source: Li et al., 2010) 
It was further observed that the crush ratio of the coal and gangue below 50 mm increases linearly 
with an increase in impact velocity and decreases exponentially with an increase in hardness at the 
same impact velocity. This was evident in a graph plotted for the relationship between hardness 
coefficient and crush ratio below 50 mm. They then recommended that in order to improve the 
separation effect, the hardness of coal should be below 2. Furthermore, they concluded that the wider 
the gap of hardness between coal and gangue, the more evident the separation effect. 
2.7.2 Carrasco’s preferential coarse size by size deportment studies 
  
Work done by Carrasco (2013) also considered size-by-size preferential grade deportment using 
screens for coarse pre-concentration. He developed a methodology focused on utilising geo-
metallurgical approach in the pursuit of effective preferential grade by size deportment. He found out 
that particle size distribution which drive size-by-size deportment can be modified to enhance or 
supress the magnitude of pre-concentration response thereby optimising yield response curves’ for 
specific geometallurgical response groups or domains. He further suggested that work would be 
required to evaluate a progressive crushing approach to determine if this optimal response signature 
can be identified and conditioned at production scale blasting or primary crushing. 
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2.7.3 Hesse’s selective comminution approach  
 
Selective comminution has been applied in various studies carried out by Hesse et al. (2015) and 
Hesse et al. (2017) with the aim of improving the energy efficiency in certain mining operations. The 
studies carried out by Hesse et al. (2017) was to exploit selected ore characteristics to achieve an 
enrichment of valuable minerals in certain fractions. Quantitative Microstructural Analysis (QMA) 
was used to determine the kind and magnitude of load to be applied to an ore using the most suitable 
comminution machine. The QMA provides valuable information on the behaviour of an ore (texture 
of minerals and their structure, Vickers harness, toughness, strength index and density) in the 
comminution process. A method is generated from this information to support the selection of the 
comminution machine and the operation parameters of the system. Results obtained from the testing 
of lead-zinc-ore confirms that selective comminution requires a systemic approach, comprising of the 
comminution behaviour of the ore under a certain load, the type of comminution machine and a 
number of operation parameters of the system. 
The work done by Hesse and Lieberwirth (2018) was focused on way particle breakage under impact 
load using a shoot apparatus (Figure 2.14) as a comminution device to achieve selective 
comminution. The material parameters (particle size, density, strength) and machine parameter 
(velocity) were utilised as the main test parameters. The material parameters took care of itself with 
particle sizes of the ore being determined by pre-comminution stage, density and strength by using 
three different ore types to produce density differences, Δρ, and strength differences, Δσ. The machine 
parameter, velocity, was the only parameter that was changeable.  
 
Figure 2.14 Schematic Diagram of the Shooting Apparatus used by Hesse and Lieberwirth 
(2018) 
Compressed air accelerates the sample carrier (2) with the sample (3) in the acceleration pipe (1), A. 
The sample carrier will be stopped at the entrance of the impact chamber (4), B. The sample leaves 
the sample carrier and flies into the impact chamber and crosses two photoelectric sensors (5) for the 
velocity measurement, C. The impact of the particle takes place centred on a massive steel plate (6), 
D. The steel plate is perpendicular orientated to the flight vector of the particles.  A total of 14200 
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particle were shot for 3 to 4 narrow size fraction (6.3/8mm to 25/31.5mm) of feed. The particles 
where crushed separately by impact using impact velocities ranging from 17.5 to 70 m/s. Each ore 
type were loaded at three different impact velocities. Results from the testing showed that, the strength 
difference influence on selective comminution was dominant over the density difference. Also, they 
found that both the particle size and the impact velocity can be influenced by process design with 
results showing an equal or higher influence of the impact velocity. They concluded that, for some 
ore types strength differences can be increased using electro pulse in order for it to support selective 
comminution. Furthermore, they suggested that impact load should start with an increase of the 
impact velocity followed by a reduction of feed particle sizes. It was recommended that a multi-stage 
Selective Comminution will become more efficient with subsequent steps at smaller particle sizes. 
This recommendation made is the area in which this current study seeks to exploit by delivering a 
well-controlled and precise multi-stage impact breakage to effect early gangue rejection in the context 
of Grade Engineering TM.  
2.7.4 The Grade Engineering Approach 
 
Grade Engineering TM which utilises the concept of pre-concentration or selective comminution can 
be defined as “an integrated approach to coarse rejection that matches a suite of separation 
technologies to ore specific characteristics and compares the net value of rejecting low value 
components in current feed streams to existing mine plans as part of a system-view” (Walters, 2016). 
There are five main rock based lever linked to combination of screening, sensor-based sorting and 
heavy media separation that are used in delivering Grade Engineering outcomes.  These levers as 
mentioned by Walters (2016) are; 
1. Exploitation of  natural grade by size deportment during breakage; 
2. Differential blasting design to size condition grade heterogeneity at bench scale; 
3. Bulk sensor based sorting at truck and conveyor scale; 
4. Sensor based sorting of separated streams; and 
5. Differential particle density (Coarse gravity separation). 
Lever 1 and 2 involve size based separation and are typically exploited at run-of-mines and primary 
crushing stages using screening. Lever 3 and 4 make use of sensors diverting material at truck or 
conveyor scale. Lever 5 is typically used after secondary crushing using dense medium separation 
(DMS) or jigs. These lever are used individually or together for specific ore types or operations to 
help reverse the downward trend of mine productivity due to declining feed grades (Walters, 2016). 
This current study will use lever 1 (exploitation of natural grade by size deportment during breakage) 
to effect coarse separation (>>10 mm) with the aim of delivering enhance Grade Engineering TM 
outcomes.  
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Preferential grade deportment uses difference in rock properties, texture, ore paragenesis and 
mineralogy at a range of scales to deliver Grade Engineering TM outcomes (Walters, 2016). The 
technique uses simple screening method to generate two streams of material after breakage process. 
The effectiveness of the breakage process will determine the success of the separation process of 
gangue and valuables. Mineral particles have being found to behave differently when under an applied 
force (Hesse et al., 2015). This difference in behaviour could be exploited in providing an effective 
breakage process which intends leads to early gangue separation using a simple screening technique. 
Selective breakage has been identified as an effective way of rock breakage to enhance preferentially 
deportment and concentration of specific minerals into different size fractions during coarse breakage. 
Comminution equipment delivering applied force for rock breakage should be put into consideration 
to harness the full benefits of selective breakage of ore prior to screening operations.  
Walters (2016) reported that, preferential grade by size deportment is not much appreciated in the 
sense of the extent and magnitude some ores response and the resulting production scale economic 
benefits. He further on illustrated this using grade by size data from a belt cut of SAG mill feed 
material of the structurally hosted Telfer gold deposit in West Australia. The findings made from the 
screening results showed that the marginal grade and average grade mill feed samples of which 65-
75% are coarse material (>19 mm) about to be fed to the SAG mill were below economic cut-off. A 
Response Factor (upgrade ratio) of about 2.4-3.7 was then observed for mass of material with size 
fraction below 19 mm. 
Most current application of Grade Engineering TM by CRC ORE has been deployed in a production 
trial at Minera San Cristóbal, Bolivia (Adair et. al., 2019). The trial was focus on turning a mineralised 
waste material into an economic new feedstock material. Run off mine materials were screened using 
a dual deck screen of size 75 mm and 19 mm to produce three streams of product that is coarse (+75 
mm), middlings (-75+19 mm) and fines (-19 mm). Each product stream were assayed to estimate 
their metal content. The findings made from the screening results showed that the fines stream 
generates an upgrade ratio of about 2.7 in 25% mass leaving the coarse and middlings with 0.7 and 
0.5 downgrade ratio at 30% and 45% mass retained respectively.  Their results indicates economic 
exploitation of mineralised waste material to generate potential economic value which will yield 
returns that can cater for cost associated with Grade Engineering TM applications.  
The various outcomes of Grade Engineering study has not only demonstrated its application in 
already existing circuit to improve ore feed grade to highly energy intensive grinding process but has 
also being applied to mineralised waste stockpile. This venture has pave the path for investigations 
where reject coarse material deemed as waste is recycled in attempt to further clean the gangue 
material to an extent where the economic value of the gangue material cannot be reduced further 
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(generating cleaner gangue material-Waste Engineering). As the current studies has previously 
identified precise impact breakage of having the potential to deliver a more selective impact breakage 
as to the conventional jaw crushing form of ore breakage utilised in current Grade Engineering TM 
application; the methodology being developed by this studies is to apply precise impact breakage on 
several stages to gradually unlock hidden value to enhance Grade Engineering TM outcomes.  
2.8 Conclusion 
Preferential grade by size deportment uses a combination of selective breakage and precise screening 
whereby a significant metal proportion preferentially deports into specific size fractions after 
breakage. Selective breakage of ore has been of interest to most mineral researchers. The possibility 
to reject gangue minerals as early as possible to prevent poor utilisation of comminution energy when 
ore material gets to the mills is key to mine productivity. In recent years selective breakage has being 
associated to the way crack propagates within an ore material in a manner in which mineral of interest 
can be liberated from gangue. Minerals of ore particle tends to behave differently under an applied 
force, putting into consideration the type of comminution equipment generating the applied force 
(Hesse et al., 2015). This difference in behaviour could be exploited in the pursuit of early coarse 
gangue rejection.  Published literature available on preferential grade by size deportment have 
focused on how selective comminution could be made effective by basing breakage on the 
characteristics of the ore. Findings suggested that applying multi-stage or progressive impact 
breakage could go long way to improve selective breakage, which intends to enhance preferential 
deportment of minerals into specific size fractions by further unlocking additional value from sub-
economic low-grade ore coarse material.  
The deployment of secondary impact breakage to grade by size grade engineering is limited in 
literature. Secondary impact breakage is the subsequent breakage event preceding an initial impact 
breakage event. This comprises of utilising residual velocity carried by progenies to generate further 
breakage or applying additional energy to generate further breakage. Among impact breakage device 
found in literature the Petukhov and Kalman (2003) impact test rig was found to be the closest device 
utilising residual velocity to cause secondary breakage but limitation in top feed size and no trigger 
synchronization between feeding mechanism and impact target makes it a bit complicated to use. The 
current device being proposed for these current studies identifies these flaws and makes 
recommended modifications.  
Furthermore, the methodology used by Hesse (2017) when he investigated energy saving by selective 
comminution for dry pre-concentration of fluorite-barite-ores focused on applying additional energy 
for subsequent breakage event. Particles were crushed separately by impact and the size fraction 12.5-
20 mm removed for subsequent breakage. Removing this fraction helps saves energy in downstream 
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processes. The multi-stage crushing could be further improved by utilising a well-controlled precise 
multi-stage impact breakage device to enhance preferential grade by size response, which is not 
considered in previous studies.  
In addition, inherent rock properties or characterisations can be exploited to control the deportment 
of grade into specific size fraction by applying a more selective and energy efficient breakage 
mechanism, which offers the opportunity to further enhance the benefits of screening-based Grade 
Engineering TM outcomes. Development of next generation comminution devices should aim at 
exploiting inherent-rock properties to generate high grade in feed streams and a step-change 
improvement in overall comminution energy intensity. This devices is expected to deliver improve 
Grade Engineering TM outcomes through significant improvements in breakage efficiency and 
selective gangue rejection. 
In conclusion, the current studies will address the gaps found in the literature and deploy a more 
precise and controlled selective breakage energies on a single and multiple stage impact bases to 
enhance Grade Engineering TM outcomes. A laboratory scale breakage tester has been developed on 
the principle of a rotor impacting system. The configuration is based on a fast moving anvil or hammer 
striking a particle, which is different from existing rotor breakage device where particles are propelled 
against a rigid target. The breakage device will exploit rock inherent properties and deliver a well-
controlled and precise multi-stage impact breakage utilising the residual velocity attained by 
progenies. The Grade Engineering TM recipe will include precise selective impact breakage and 
simple screening.    
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Experimental Work 
This chapter presents detailed research experimental work carried out to test the various 
hypotheses set out to achieve the aims and objectives of this studies. The experiment was designed 
to exploit inherent breakage properties of rocks and further understand how breakage behaviour 
in both JKRBT and newly developed lab scale breakage device can be used to effect coarse gangue 
rejection.  
 
3.1 Introduction 
The literature review under selective comminution devices suggested that impact breakage utilising 
well-controlled impact velocity is one of the most effective breakage techniques and has been 
deployed in preferential deportment (pre-concentration). This thesis investigates identified gaps and 
proposes hypotheses (Chapter 1 section 1.6) to address these gaps. Different experimental approaches 
have been designed to test these hypotheses and meet the stated aims and objectives of this thesis. 
The experiment is set out to enhance grade by size metal deportment and coarse gangue liberation 
using low-energy impact breakage strategy of ore particles.  
 
The set of experiments are conducted using the precise impact breakage device, the JKRBT. A 
multistage impact (MSI) breakage technique and single stage impact (SSI) breakage technique were 
the two principal breakage techniques developed for the testing. The specific energy on which all 
other energy utilised in tested was estimated from the t10-Ecs (breakage degree and energy 
relationship) curve as t10 of 15%. The selected energy was aimed at providing a controlled breakage 
across each of the size fractions tested. Three main ore samples were used for testing. The resulting 
data was analysed using deportment behaviours between MSI and SSI breakage testing.  
 
The second set of experiments are also conducted to test the second hypothesis of this study. This 
was further to highlight the need for coarse gangue liberation. Coarse waste materials form a prior 
grade by size deportment studies (abrasion process) were tested using low-energy precise impact 
breakage using the JKRBT. This was aimed at investigating the effect of processing history on 
subsequent coarse gangue cleaning applications. Furthermore, the metal reporting in fines generated 
in the prior deportment studies were combined with that generated with the subsequent low-energy 
precise impact breakage deportment studies. This was aimed at assessing the combined effect of both 
processes to produce clean coarse gangue material. The results are analysed based on metal 
deportment performances.   
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Final testing in this thesis involves a new breakage device developed to produce a multistage breakage 
as observed in MSI testing in Chapter 5. The device is deemed to produce a quick succession of 
multistage breakage. There was a need for developing this new device because the energy being sort 
is lower than that used in the JKRBT. Two measurements of interest in this testing are residual 
velocities (vr) of progenies and extent of secondary breakage.  
 
In this chapter, the ore samples to be used, sample preparation and characterisation, equipment to be 
used, the experimental design and approach of data analyses is presented in detail. The experimental 
approaches used in various testings is presented in details under individual chapters outlining each 
hypothesis testing.  
3.2 Materials and Equipment/Apparatus 
3.2.1 Materials 
Rock samples from three ore sources were used for these investigations. These included Ore type 1, 
Ore type A and Ore type B. Ore 1 was a low grade copper ore. Preliminary studies of testing the 
hypothesis of this thesis utilised Ore 1 for testing. Ore type A was sampled from a low-grade stockpile 
and ore type B from ex-pit material at the same mine site. Primary elements of interest associated 
with the ore types B and C were lead (Pb), zinc (Zn) and silver (Ag). Visual examination of the rocks 
from both ore type A and B showed both vein and disseminated mineralisation with two distinct 
colour features. The total masses of as-received ore samples were approximately 1.5 tons for Ore A 
and 1.5 tons of Ore B. The low-grade nature of the ores makes them suitable for testing opportunities 
for pre-concentration because the primary aim for these studies is to improve the grade of low feed 
grade material.  Head grades of the as-received samples are shown in Table 3.1 below.   
Table 3.1 Head grades of as-received ores  
Ore 1 Ore A Ore B 
Cu (%) Ag (ppm) Pb (%) Zn (%) Ag (ppm) Pb (%) Zn (%) 
0.368 24.2 0.238 0.433 9.5 0.100 0.359 
 
3.2.2 Equipment/Apparatus 
The JKRBT, the new breakage device, high speed camera and the portable handheld XRF are the 
main equipment used for these studies. Auxiliary equipment used are listed below: 
1. Test Sieves; 
2. Rotary Dividers (Large, Small and Glass); 
3. Gilson & Ro-tap; and 
4. Pulveriser (Ring Mill).  
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3.2.2.1 The JKRBT  
JKRBT was used in these studies for determining the breakage characteristics and testing involving 
MSI and SSI breakage technique. The device uses a rotor-stator impacting-system, in which particles 
gain a controlled kinetic energy while they are spun in a rotor before being propelled one-by-one 
through a number of guiding radial channels and impacted against the stator (Figure 3.1) (Kojovic et 
al., 2010). The external view of the JKRBT showing some labelled parts is shown in Figure 3.2.  
 
Figure 3.1 Schematic diagram of the 
JKRBT showing the channels of the rotor 
and the stator anvils (Kojovic et al., 2010) 
 
Figure 3.2 Picture of the lab- scale 
JKRBT showing some labelled parts 
 
 
The device is turned ON from the control panel. Upon turning ON, the status indicator (flashing green 
light) begins to flash indicating that the device is ready to be used. The set speed of rotor (rpm) 
required to deliver a specific energy is manually inputted from the keypad on the control panel and 
the start button (green knob) pressed for the rotor to start spinning. The rotor is left to run to achieve 
the desired rpm before feeding with material. Rock samples are fed one after the other into the rotor 
through the feeder. The rock is spun in the rotor and propelled against the anvil to cause rock 
breakage. After processing all samples, the stop (red) knob is pressed to stop the rotor and allowed to 
come to a halt. The front lid is then unlocked front the lock handle by removing the lock pin. The 
front lid is raised using the up button on the panel. This button should be held until the lid comes to 
a complete stop. Remaining particle are then brushed off into the collection chamber. The lid is then 
lowered using the down button on the panel and locked again by inserting the lock pin back into the 
lock handle. The collection chamber is then removed and broken particles emptied entirely into a pan. 
The collection chamber is then returned to it originals position. It should be noted that a full pre-start 
check has to be completed before running the JKRBT.   
Feeder 
Collection 
Chamber 
Control 
Panel 
Lock Handle 
and Lock Pin 
Pressure 
Gauge 
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3.2.2.2 The New Lab-Scale Breakage Device 
The new breakage device was developed in the JKRMC workshop and it is referred to as the “JKMRC 
Impact Tester”. The design was based on the prototype JKRBT but with a different impact breakage 
mechanism. The impacting mechanism was mimicked on the principle of a fast moving hammer 
impacting a slow moving particle. This is detailed in Chapter 2 section 2.3.2 (Figure 2.7c). The 
hammer of the device is controlled from a VF panel. The VF panel consist of a dial that is used to set 
the speed of the motor ranging between 0-50Hz. The motor rotates the hammer up to 769 rpm using 
a pulley mechanism. The set speed is shown on a display screen. Other buttons on the control panel 
is a start button (green) and a stop button (red). The device also consist of a feeder, which is 3D 
printed with a transparent feeding channel. The feeder operates on a software (designed by UQ 
instrumentation Lab), which is installed on a computer. The computer communicates with the feeder 
through a USB connection with the feeder’s control panel. The angle of the moving hammer at drop 
time is automatically calculated and displayed on the software interface (Figure 3.3). 
 
 
Figure 3.3 The JKMRC Impact Tester Software Interface (Trial version 1.0) 
 
 
A sensor, which is connected to the hammer and the feeder helps to communicate the hammer position 
to the feeder. The feeder engages and releases the rock sample when the rotating hammer reaches the 
calculated angle to produce effective collision with the falling rock.  The progenies generated then 
moves towards and impact the stationary anvils, located on the walls of the impacting zone, to produce 
further breakage. The hammer encountering the particle is considered to provide initial breakage and 
the resulting progenies encountering the stationary anvils provides secondary breakage. The sensor 
also measures the rpm of the anvil and this value is displayed on the software interface. The rpm 
value is used in calculating the speed of the hammer in m/s and subsequently used to estimate the 
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breakage energy. After the impact, broken samples fall into the collection chamber, which is located 
beneath the device. This can be removed easily and emptied. The Figure 3.4 shows the external view 
of the new breakage tester. 
 
 
Figure 3.4 The new developed JKMRC Impact Tester 
3.2.2.3 Portable Handheld XRF Analyser  
XRF analyser is a quick and non-destructive testing method, which uses x-rays to measure metal 
concentration in rock samples. The XRF analyser model used in these studies is the Thermo Scientific 
Niton™XL3t GOLDD+ XRF Analyser. The device consist of an x-ray tube and detector. The 
analyser is operated in an enclosed case which serves as a shield to prevent leakage of x-rays. It also 
has a display screen where it can be operated but it is connected to a laptop for easy and faster 
operation. Figure 3.5 shows the full workstation of the XRF analyser. 
  
 
Figure 3.5 Setup of portable handheld XRF Analyser 
 
To measure the metal concentration the sample is placed on the small window of the x-ray tube and 
the trigger is pulled to activate the x-ray tube.  This causes the excitement of the sample where 
VF Control 
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electrons are knocked off from their orbits and shot it around causing emission of x-ray photons of a 
characteristic energy or wavelength. This wavelength is an element specific signature energy for that 
element.  This energy is then detected and matched to a spectrum of energy to detect the type of 
element. The amount of element present is obtained by the number of photons counted during 
excitation and fluoresce. The results is the grade of element in ppm (Thermoscientific, 2019).   
3.3 Sample Preparation 
Particle size analysis was carried out for each sample received. Samples were dry screened using 
sieves arranged according to the root 2 series with 75 mm as top size and 6.7 mm as last screen in the 
series. The material retained in each size fraction was weighed and the mass recorded. Figure 3.6 
shows the particle size distribution (PSD) for both as-received samples.  From the PSD, Ore type B 
was found to be coarser than the Ore type A.  
 
 
Figure 3.6 Particle Size Distribution Graph for Ore A and B 
 
Materials in each size fraction were then homogenised and split in lots of eight groups using the large 
rotary divider. This was done to ensure that samples for testing are representative. One-eighth of 
samples within each size fraction was taken, staged crushed and pulverised and analysed using both 
the handheld XRF analyser and ICP assay, which was done by the Australian Laboratory Services 
(ALS).  This was to provide reliability and calibration of the XRF readings which were analysed with 
the handheld XRF analyser. Results of this reliability studies is further discussed in detail under 
section 3.5. Grade by size assay was then conducted using the grade of metals obtained from ICP 
assay results.  Grade reporting in size fraction of as-received sample is shown in Appendix A.1. It 
was observed that most of the metal content of the ore A, reported in fine size fractions and that of 
ore B in the coarse size fractions. Two main factors were considered in the test sample selection. 
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These factors included the top size able to be processed in the breakage equipment and the grade of 
Ag, Pb and Zn in each size group. In accordance with these factors, samples in size range -45 + 37.5 
mm, -31 + 26.5 mm, -22.4 + 19 mm and -16 + 13.2 mm were selected for testing using the top size 
of the JKRBT as the maximum size limit. This sample were selected to aid in establishing the rock 
breakage characteristic of ore type A and B. Ore sample within the same size group were then selected 
for metal deportment test using different impact breakage techniques. The head grade of this size 
fraction test are highlighted in Table 3.2 below. It should be noted that each element in Ore B had 
slightly higher head grade than Ore A across each size group tested. 
 
Table 3.2 Grade of metal in each size group for both Ore A and B 
Size (mm) 
Ore A Ore B 
Ag 
(ppm) 
Pb (%) Zn (%) Ag (ppm) Pb (%) Zn (%) 
-45+37.5 9 0.095 0.148 11 0.111 0.448 
-31.5+26.5 10 0.117 0.184 7 0.103 0.390 
-22.4+19 11 0.137 0.191 15 0.117 0.430 
-16+13.2 18 0.140 0.251 11 0.094 0.211 
 
3.4 Rock Breakage Characterisation 
The breakage behaviour of Ore 1 was already established in a previous testing so only that of Ore A 
and Ore B were studied. The JKRBT standardised rock breakage characterisation test was carried out 
to determine breakage probability of Ore A and B respectively. The characterisation was carried out 
on four size fraction (-45 + 37.5 mm, -31 + 26.5 mm, -22.4 + 19 mm and -16 + 13.2 mm) across three 
lower energies (0.1 kWh/t, 0.25 kWh/t and 0.4 kWh/t) and two higher energies (1.0 kWh/t and 2.5 
kWh/t) to give a total of 20 size-energy combination. The particles were broken in the JKRBT using 
the rpm corresponding to the five different energies used for testing. Resulting product material was 
sized using a root 2 series with top size selected according to the size range being tested. The full 
testing parameters and particle size distributions of each size fraction tested are shown in Appendix 
A.2. The breakage degree was then measured for all 20 size-energy combination impact tests 
conducted. The breakage degree, which is termed t10, is also known to be the extent of breakage or 
degree of fineness after an impact breakage test (Larbi-Bram, 2009). Napier-Munn et al., 2019 
established the degree of breakage (t10) to be the percentage of feed particle mass passing through a 
sieve aperture corresponding to one-tenth (1/10th) the initial feed size particle. The measured t10 
values for all the size fraction tested were converted into a plot against the the respective specific 
energy (Ecs). The t10-Ecs graph for Ore A and Ore B is shown in the Figure 3.7.  
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Figure 3.7 T10 - Ecs relationship developed for Ore A and B respectively 
It should be noted that the selected energy used for the testing procedures will be estimated from the 
t10- Ecs relationship. The t10 value was observed to increase as the breakage energy increases across 
all size fraction tested. A curve was then fitted to link the relation between t10 and Ecs using the new 
breakage model developed by Shi and Kojovic (2007) for JKRBT rock characterisation. Equation 
(3-1) below shows the new breakage model. 
 
t10=M (1-exp [-fmat. x. k (Ecs - Emin)] (3-1) 
 
Where; M (%) = maximum t10 for a material subject to breakage;  
fmat (kg/J/m) = material breakage property;  
x (m) = initial particle size;  
k = successive number of impacts at the single impact energy;  
Ecs (J/kg) = mass-specific impact energy; and  
Emin (J/kg) the threshold energy below which breakage does not occur. 
The hardness index of Ore A and Ore B (A×b parameters) was then determined using the functions 
M, fmat and x from the new breakage model.  The calculated A×b values for both Ore A and Ore B 
were found to be 59.67and 50.01 respectively and are tabulated in Table 3.3. The A×b values 
represents the average of all size fractions tested. These values indicates that the Ore B is more 
competent than Ore A. 
Table 3.3 Breakage parameters estimated from rock characterisation 
Ore M fmat A×b 
A 68.45 0.87 59.67 
B 76.16 0.66 50.01 
ORE B ORE A 
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3.5 Metal Content Measurement 
Prior to any testing and elemental analysis, a relationship was developed between the readings of the 
handheld XRF and ICP assay results by a commercial laboratory (ALS). This was to provide 
reliability of the XRF readings since the majority of the samples produce in this studies were analysed 
with the handheld XRF analyser. The reason for doing this was because of the benefits presented by 
a XRF analyser which includes quick elemental readings, cost effectiveness and its availability at 
JKMRC gives further advantage.  From previous studies XRF elemental analysis of Cu has proven 
to be reliable and deemed satisfactory with 96.6% confidence (Huang, 2018). Reference to this, all 
metal content measurement of Ore 1 was done using the handheld XRF.  
To compare and calibrate the hand-held XRF elemental analysis of Ag, Pb and Zn, a total of 50 
samples were analysed using ICP (ALS) and handheld XRF - Thermo Scientific NitonTM XL3t 
GoLDD+ XRF Analyser at the JKMRC. A full description of its operation is presented in section 
3.2.2. A correlation graph was plotted for both the assay results obtained from ICP and XRF analysis 
(Figure 3.8). This was to compare the assay values measured for the elements Ag, Pb and Zn. 
 
 
Figure 3.8 Correlation graph showing a comparison between XRF assays and ALS ICP assays 
 
A strong correlation was observed between the two methods for Pb, R2 = 0.9804 and Zn, R2 = 0.9776 
but the R2 = 0.5252 obtained for Ag shows a weak correlation. However, with the correlation obtained 
for the two assay method there is the need for statistical validation to establish a confidence level in 
reporting XRF assays. A t-test with a null hypothesis, Ho stating that there is no difference between 
ALS ICP and XRF (Ho: ALS ICP Assay = XRF Assay) was assumed. The p-value obtained showed 
that there was a statistical difference (p<0.05) between the XRF results and ALS results for elements 
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Ag (p ≈ 0.0000), Pb (p ≈ 0.0000) and Zn (p ≈ 0.0002). Due to the p-values, the Ho is rejected and the 
alternative hypothesis (H1: ALS ICP Assay ≠ XRF Assay) accepted indicating 100% confidence (Pb 
and Ag) and 99.98% confidence (Zn) that the difference is real and not equal to 0. The difference that 
existed between the two assay methods were found to be 2.00% (0.1417% vs 0.1196% Pb grade 
mean) and 1.99% (0.3664% vs 0.3420% Zn grade mean), 95% of the time. This implies that XRF can 
be used in reading Pb and Zn metals since there was a good fit with the ALS assay data and the 
difference between means for both methods is considered statistically insignificant and can be 
tolerated with respect to this studies.  
Regarding the Ag results, the correlation coefficient between XRF and ALS reading was weak 
(R2=0.5252). Due to this, the results of Ag, Pb and Zn from XRF were used to predict the ALS reading 
for Ag using regression analysis. Four iteration of regression models were performed, with each 
regression eliminating outliers before generating the model. This was aimed at providing a good fit 
with a stronger R-squared value.   Predicted assay results across each regression showed a strong 
correlation to ALS ICP assays in the order 0.8852, 0.8921, 0.9241 and 0.9577 with the fourth model 
producing the highest R-squared value (Figure 3.9).  
 
 
Figure 3.9 Correlation graph showing a comparison between ALS ICP assays and Predicted 
Ag assays 
A statistical analysis was conducted using a paired t-test for the predicted Ag assay produced from 
model 4 with a sample space of 41. The p-value obtained for Ag predicted and Ag of ALS ICP assays 
(actual) was 1.00 which is greater than p=0.05. This implies that there is 95% confidence that there 
is no significant difference between the predicted and actual Ag reading. Therefore the null hypothesis 
can neither be accepted nor rejected. But with the good fit of the predicted Ag assay with the ALS 
ICP Ag assay it’s possible to use this model to correct assay results obtained from the XRF analyser. 
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The following mathematical equation was developed for the prediction of Ag using coefficients 
obtained from the regression analysis. The equation is defined below as;  
 
𝐴𝑔(𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑) = 𝑎. 𝐴𝑔(𝑋𝑅𝐹) + 𝑏. 𝑃𝑏(𝑋𝑅𝐹) + 𝑐. 𝑍𝑛(𝑋𝑅𝐹) − 𝑑.
𝐴𝑔(𝑋𝑅𝐹)
𝑃𝑏(𝑋𝑅𝐹)
+ 𝑒.
𝐴𝑔(𝑋𝑅𝐹)
𝑍𝑛(𝑋𝑅𝐹)
+ 𝑓.
𝑃𝑏(𝑋𝑅𝐹)
𝑍𝑛(𝑋𝑅𝐹)
− µ            (3-2) 
 
Where a, b, c, d, e, f and µ = constants with values 0.0971, 0.0074, 0.0012, 0.0094,  
   0.0015, 0.0003 and 0.0001 respectively. 
    𝐴𝑔(𝑋𝑅𝐹) = XRF silver assay (grade in %)  
𝑃𝑏(𝑋𝑅𝐹)  = XRF lead assay (grade in %) 
𝑍𝑛(𝑋𝑅𝐹) = XRF zinc assay (grade in %) 
3.6 Experimental Design  
The experimental work was divided into three main approaches i.e. The JKRBT multiple and single 
impact testing, breakage of rounded particles generated from abrasion process and new lab scale 
impact breakage device testing. Two main input parameters were associated with the experiments 
procedures of Ore 1, Ore A and Ore B. This included specific breakage energy (Ecs) and size fraction 
of test samples. 
3.6.1 Design Protocol  
The JKRBT testing was aimed at using the JKRBT to enhance grade by size metal deportment. 
Multistage impact (MSI) breakage technique and Single stage impact (SSI) breakage technique were 
the two principal breakage techniques developed for the JKRBT testing. The specific energy used in 
the MSI testing was estimated from the t10-Ecs curve as t10 of 15% and that of SSI was the total specific 
energy used across the MSI testing. Mass pull, grades and recoveries of resulting product material 
were the main measurement of the MSI and SSI breakage testing.  
 
To evaluate the role of rock shape on metal deportment, two test consisting of angular and rounded 
particle were tested using the JKRBT. The rounded particles were obtained from a pre-abrasion 
process and the angular material were the shape of the as-received sample. Two ore types (A and B) 
with three particle sizes were tested using one breakage energy (Ecs at t10 of 15%). Breakage product 
were sized and metal content measured. Key measurements of this testing included mass pull, grade 
and metal recoveries.  
 
A new breakage device was developed and the principle of operation is based on the rotating anvil 
hitting a slow moving particle. Two measurement of interest in this testing are residual velocities (vr) 
of progenies and extent of secondary breakage. A high speed camera was used to record breakage 
event and the video script analysed with the aim of estimating the vr of the resulting progenies. The 
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extent of breakage was measured by conducting breakage test with two different walls of the 
impacting chamber. The overall design protocol of the current studies is shown in Figure 3.10.  
 
 
Figure 3.10 Flow diagram of experimental design protocol  
3.6.2 Data Analysis Approach 
The key measurements of mass pull and metal recovery are both calculated ratios (product to feed 
ratio). As previously established the main products streams from these studies are fines and coarse 
fractions. The breakage device receives a feed size material and breaks it to produce coarse and fine 
material. Each of the products generated consists of size distribution. The particle size distribution 
(PSD) of products from every comminution device tends to provide quantitative data on the size and 
shape of the resulting product material (Wills & Finch, 2016). It is crucial in estimating the efficient 
utilisation of applied energy in achieving desirable size fraction for the subsequent downstream 
process.  
 
The particle size is obtained from plotting the mass of material retained on the sieve against the 
respective sieve size. Breakage data obtained from each ore type tested at their respective breakage 
energy were converted into a cubic spline representation of particle size distribution. The breakage 
parameters for which comparison was made included tn (where n =2, 5, 10), P80 and D50. Following 
the size distribution measurement, the metal content of each product is assayed and the metal grade 
estimated. Replacing the coarse and fines products with tails and concentrate respectively, the mass 
balance equation was found to be a good fit in analysing the grade by size deportment. 
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3.6.2.1 Mass Balance 
The Figure 3.11 outlines the mass balance equation and defines some terms. F, C and T designates 
feed, concentrate and tails mass respectively, while f, c and t designate feed, concentrate and tails 
grade respectively. The subscript on C, c, T and t denotes the breakage process from which they 
resulted from.  
 
Figure 3.11 Flow diagram of breakage event showing material flow 
For the first breakage process the addition of the concentrate and tails stream should equal the feed 
stream likewise the addition of concentrate and tails from the second breakage should equals the tail 
1 stream since it becomes the new feed stream for that process. The equation (3-3) summaries the 
overall mass balance for the process described in Figure 3.11.  
 
Ff = C1c1+T2t2+C2c2 (3-3) 
 
Balancing out the masses and accounting for each mass and grade across individual streams presents 
the bases to estimate the mass pull and metal recovery in respective stream. Mass pull can be defines 
as the ratio of concentrate or tails solid mass to that of the feed’s mass expressed as a percentage. 
Likewise, metal recovery is also the ratio of element mass present in concentrate or tails to element 
mass consisting the feed material expressed as a percentage. Both ratio can be transformed into a 
graph by plotting mass pull against metal recovery.  
3.6.2.2 Mass Pull vs Recovery Curves 
The resulting plots can then be used as a criteria in predicting the performance of grade by size metal 
deportment of a particular ore type. The Figure 3.12 illustrates the above mention graph.  
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Figure 3.12 Hypothetical scenario of Coarse Gangue Rejection (after Huang et al., 2018) 
 
The curve in the graph shown in Figure 3.12 represents a typical mass pull against metal recovery 
curve for different sieve size with finer and coarser sieves located downwards and topmost part of the 
curve respectively. The reference line, where mass pull equals to metal recovery, represents the region 
where there is no distinct separation between metal of interest and its associated gangue material. The 
greater the distance between the curve and the reference line the better the separation stream. When 
a potential is identified, metal recovery is usually greater than the mass pull i.e. recovering a higher 
valuable content in a less mass of the feed. The left hand side of the identified potential (Figure 3.12) 
is referred to as the accept region (fine fraction) and right hand side being the reject region (mostly 
coarse fraction). The nature of the curve is deemed to be size dependent and using it to make coarse 
gangue rejection decision key factors has to be considered. These factors includes; the size at which 
the potential is being identified, the inherent property of the ore material with how they are spread 
within the material and finally the role of the breakage mechanism (Bearman, 2013).  
3.6.2.3 Metal Upgrade (Response Factor, RF) Analysis 
Grade Engineering is a new approach developed to evaluate how gangue can be rejected as early as 
possible before energy intensive and inefficient comminution processes. Its a more sophisticated 
holistic approach that could be used to make inference on coarse gangue rejection. The approach uses 
the ore Response factor (RF) and Response Ranking (RR) to differentiate between particles and 
provide an avenue for coarse gangue rejection. RF as defined by Walters (2016) in the perspective of 
this study, is a function of ore type (A and B) and its interaction with the screens used.  The RF 
measure of response is defined to be grade of the obtained product as a funtion of grade of feed (3-4). 
 
𝑅𝐹 =  
𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑 𝑔𝑟𝑎𝑑𝑒 (𝑔𝑟𝑎𝑑𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡) 
𝑎𝑐𝑡𝑢𝑎𝑙 𝑔𝑟𝑎𝑑𝑒 (𝑔𝑟𝑎𝑑𝑒 𝑜𝑓 𝑓𝑒𝑒𝑑)
                                                    (3-4) 
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This function usually deals with the grade retained on screen and the head grade of the ore type. To 
decide if an ore has the potential to provide two or more separable streams, the value of RF has to be 
greater than 1 to be deemed upgrade. When the value is less than 1 in that case it is term a downgrade 
response. It should be noted that response factor is liken to the principles of enrichment ratio.  The 
value of the RF and the cumulative mass (weight) recovered (mass pull) can plotted against each 
other to produce a Response Ranking (RR) curve. RR curve can be used to effectively ranks ores 
according to the nature of their deporment in relation to the comminution process. Figure 3.13 below 
shows the nature of the plot for RF and mass pull.  
 
 
Figure 3.13 Illustration of preferential grade by size response curve (RR Curve) (after 
(Carrasco et al., 2016b) 
 
It should be noted that more the shape of the curve moves in the direction of the red arrow in Figure 
3.13 the more enhance the response ranking. The RR curve can be associated with a value, RR 
parameter which is bascially the slope of RF and mass pull in a log-log scale multiplied by a factor, 
-200 (Carrasco et al., 2016b). The RR parameter is scaled from 0-200 with with higher RR values 
presenting the opportunity for producing two ore more separable streams. An average RR value above 
70 regarded as high economic opportunity and above 100, a transformational Grade Engineering TM 
opportunity (Walters, 2016). 
.  
   55 
 
Grade by size deportment performance through single and 
multiple stage impact breakage 
 
This chapter presents the results of detailed experimental work carried out to test the various 
hypotheses set out to achieve the aims and objectives of this studies. The experiment was designed 
to exploit inherent breakage properties of rocks and further understand how breakage behaviour 
within a JKRBT device can be used to effect coarse gangue rejection.  
 
4.1 Introduction 
Precise impact breakage has been identified to have the potential to enhance early coarse gangue 
rejection in ore types where clean gangue is most resistant to impact breakage than ore zones 
containing minerals of economic interest. The application of precise breakage in generation of natural 
grade by size deportment has being studied. Assuming ores have different mineral phases and these 
phases disintegrates at different rates, precise tuning of the breakage energy should make one mineral 
phase break rapidly into fines leaving the other phase in the coarse fraction. This could provide a 
potential separation, in which simple screening methods could be used to effect the actual separation. 
If a single stage produces the desired result to some degree, then several stages of precise 
breakage may produce an even better result. Many mineral processes apply small separations 
many time in series.  
 
This can have the potential to enhance coarse rejection. Based on this strategy, a preliminary study 
was carried out to test this hypothesis with the newly developed methodology. This methodology 
consists of application of a breakage energy which is applied incrementally in multiple stages 
(multiple low energy breakage events) and comparing its metal deportment performance to a single 
breakage event using the total equivalent energy. To achieve precise breakage, the JKRBT was 
utilised to effect the different breakage processes.  
4.2 Experimental 
A low grade copper ore (Ore 1) was broken precisely using the JKRBT. An important issue in 
measuring selective breakage is to measure the likely experimental errors due to heterogeneity of ore 
materials (Gy, 1982). To measure both grade by size deportment and variation, six (6) groups of 
particles (A, B, C, D, E, F) in the size range 45×37.5 mm were prepared with each group containing 
30 particles. Three different specific energy (Ecs) were utilised for the breakage process. This included 
SSI breakage using an Ecs at t10 of 15%, SSI breakage using twice the Ecs at t10 of 15% and MSI 
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breakage using half the Ecs at t10 of 15%. The specific energy breakage, Ecs at t10 of 15% for the 
sample was estimated from previous breakage data to be 0.21 kWh/t. Sample A, B, C and D were 
subjected to a SSI breakage in the JKRBT using the parameters in Table 4.1. The specific energy 
used for sample A and B breakage process was doubled and the resulting energy was used to test 
sample C and D. The sample E and F were subjected to four stage MSI breakage using the JKRBT at 
specific breakage energy of 0.105 kWh/t. After each breakage stage, the coarse fraction (+13.2 mm) 
produced serves as the feed for the next stage. The product obtained from each breakage process was 
screened into 3 size streams, +13.2 mm (representing the coarse fraction), -13.2 mm + 6.7 mm (Mid-
range fraction) and -6.7mm (Fines). The masses retained on each sieve were measured and recorded. 
Representative samples were taken using a glass rotary divider and pulverised for XRF analysis. 
Table 4.1 and Figure 4.1 shows breakage input parameters and flowchart for SSI and MSI breakage 
process respectively.  
 
Table 4.1 SSI and MSI Testing Parameters for Ore 1 
Sample  Name A B C D E F 
Size Fraction (mm) -45+37.5 -45+37.5 -45+37.5 -45+37.5 -45+37.5 -45+37.5 
Number of Particles 30 30 30 30 30 30 
Rotor Speed (rpm) 1304 1304 1774 1774 959 959 
Energy (kWh/t) 0.21 0.21 0.42 0.42 0.105 0.105 
 
          
 
Figure 4.1 Single stage, SSI (a) and multiple stage, MSI (b) breakage process flowchart 
4.3 Results and Discussion 
4.3.1 Particle size distributions obtained from MSI and SSI breakage of Ore 1 
Ore particles were broken using energies of 0.21 kWh/t single impact, 0.42 kWh/t single impact and 
0.105 kWh/t for multiple impacts. The resulting progenies were sized using 13.2 mm and 6.7 mm 
sieves. Since each breakage process was repeated their average values were estimated and a 95% 
(a) (b) 
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confidence interval used to determine the experimental error. The size distribution of Ore 1 MSI (1-
4 hit of 0.105 kWh/t) is presented in Figure 4.2. 
   
Figure 4.2 Size distribution for Ore 1 45×37 mm broken with MSI breakage process 
The results show that as the oversize after each breakage stage was subjected to further breakage, the 
percentage of fines produced decrease. The cumulative fines (-6.7 mm) produced for each stage of 
impact breakage of Ore 1 were on average 8.59%, 14.19%, 18.87% and 22.45%, respectively. The 
difference in the increase of the fines were estimated as 8.59%, 5.60%, 4.68% and 3.58%. Despite 
the decreased in fines generation from one stage to the other, breakage ratio (mass ratio of feed broken 
to fine generated) was fairly consistent across each stage. Comparison of the multiple energy hits 
with its equivalent single energy hit, showed that there was not much difference between the mass of 
the fines generated in each case. Figure 4.3 shows a bar graph comparing both breakage processes.  
 
Figure 4.3 Comparison of the size distribution for Ore 1 45×37 mm broken with MSI and SSI 
breakage process 
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The results indicate that there was a slight difference in the coarse and medium sizes generated from 
the SSI (0.21 kWh/t) and SSI (0.4 kWh/t) with their respective equivalent MSI (2 and 4 hit of 0.105 
kWh/t) breakage process. The SSI produced a higher mass recovered at the coarse end and a lower 
mass recovered for the medium size as compared to that obtained from the MSI breakage process. 
This behaviour was thought to occur since only the coarse fraction, +13.2 mm, was used in subsequent 
MSI breakage stages. However, it also shows that the multiple hit strategy can produce much more 
intermediate size for the same production of fines  
4.3.2 Copper (Cu) deportment analysis for Ore 1 treated with MSI and SSI.  
Copper (Cu) assays were obtained from handheld XRF analysis. Figure 4.4 shows the metal recovery 
as particle breakage progresses from stage one to stage four for the MSI process.  
 
 
Figure 4.4 Comparison of Cu recovery for Ore 1 45×37 mm broken with MSI breakage 
process 
 
The Cu assays of the fines from 1, 2, 3 and 4 hit of 0.105 kWh/t of Ore 1 recorded an average 
cumulative Cu recovery of 9.77%, 16.16%, 21.37% and 25.15% respectively. The difference from 
each breakage stage showed a decline in copper grade, which shows the gradual depletion of copper 
mineral as the breakage progresses. This result corresponds with the mass lost observed. The result 
show that multiple stage breakage of the ore material increase in copper recovery in the fines (-6.7 
mm) and a decrease in the coarse (+13.2 mm) fraction. This resulting findings indicates that delivering 
the energy in a well-controlled manner will gradually deport copper into the fine size fraction. The 
error associated with recovery within the fines were relatively small and was consistent across the 
four stages of the MSI breakage process. To assess the benefits of MSI breakage, its metal recovery 
were compared to SSI breakage using an equivalent energy of the 2 hit and 4 hit of the MSI breakage 
process. The results are presented in Figure 4.5.   
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Figure 4.5 Copper (Cu) recovery for Ore 1 45×37 mm sample broken with multiple hits (MSI) 
compared with an equivalent single hit energy (SSI)  
 
Comparison of the MSI (2 hits of 0.105 kWh/t) to the SSI (0.21 kWh/t), SSI produced a slightly 
higher Cu recovery in the fines averaging 17.44% as compared to 16.16% Cu recovery from 2 stages 
of MSI. The results were different when MSI (4 hits of 0.105 kWh/t) was compared to SSI (0.42 
kWh/t). Interestingly, at the fine end Cu recovery was observed to be almost the same for both 
breakage process. The trend in Cu recovery for the coarse end and middlings was as observed in the 
mass distribution. This highlighted the effect of mass pull on Cu recovery at each cut size. In order 
to assess the influence of this factor a mass-recovery plot was produced to establish the mass-recovery 
relationship (Figure 4.6). 
 
 
Figure 4.6 Deportment performance analysis of Ore 1 45×37 mm sample   
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It was observed that the data points were all found to be slightly above the reference line, which 
indicates very slight or insignificant upgrade or occurrence of preferential metal deportment. This 
implied that there was just a marginal occurrence of preferential grade by size deportment for both 
single and multiple impact breakage. Furthermore, the magnitude of the error bar was quiet large 
especially in SSI 0.21 kWh/t. This was attributed ore variability.  
To further analyse the deportment behaviour of Ore 1, the metal upgrades were compared by 
estimating the relative grade differences between grade retained at different cut sizes and the feed 
head grade. Figure 4.7 below shows a comparison of the Cu grades against mass pull for the SSI and 
MSI processes. 
 
 
Figure 4.7 Graphs showing the comparison of Cu grade for various size fractions against mass 
pull for SSI and MSI impact breakage 
 
From Figure 4.7 the head grade line (solid black line) with their confidence interval (short dashes 
grey lines) was used as an indicator of upgrade and downgrade. The fine products and the middlings 
recorded an upgrade of copper across both single and multiple stage breakage processes when 
compared to their respective head grade. At the fine end, the SSI breakage process was found to 
produce a higher upgrade than the MSI breakage process.  An average of 25% (from 0.329% to 
0.413% Cu) and 14% (from 0.331% to 0.374% Cu) upgrade was recorded for SSI breakage at 0.21 
kWh/t and 0.42 kWh/t respectively. Furthermore, reduction in grade (downgrade) was observed at 
 
Feed grade  Feed grade  
Feed grade  
Feed grade  
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the coarse end across all breakage process with the MSI (4 hit of 0.105 kWh/t) achieving the highest 
downgrade of 11% (from 0.409% to 0.364% Cu). This can be observed from Figure 4.7 where the 
coarse fraction grade was below the cut of point and the confidence intervals do not interact with that 
of the feed grade. It should be noted that as the breakage progressed the Cu grade decreases. In 
addition the large error bars observed for SSI 0.21 kWh/t Cu deportment in Figure 4.6 was also 
evident here. Where grade of feed, coarse and middling material showed a very large error. This 
indicates the effect of ore heterogeneity. A summary of the results of the upgrade and downgrade 
attained for each breakage process is shown in Appendix B.1.  
The deportment performance obtained from Ore 1 were further ranked according to the breakage 
methods. It was observed that the RR parameters were all averaging between 10 and 23. The RR 
values obtained suggests that the ore has a lower response to the natural grade by size deportment 
lever and cannot produce two or more separation streams since the RR was less than the threshold of 
value 70 proposed by Walters (2016). This result aligns to the fact that for each breakage method the 
mass split at each sieve size is approximately equal to the metal recovery and no potential separable 
stream is generated. The individual RR parameters of the various breakage processes is detailed in 
Appendix B.2. The resulting findings suggest that the nature of Ore 1 texture is fine and consistent 
therefore resulting to no potential for preferential grade by size metal deportment.   
4.4 Conclusion 
The experimental study was setup to assess the potential of applying several stages of precise 
breakage via JKRBT to induce grade by size deportment. A low grade copper ore was tested using 
two breakage strategies, the MSI and SSI breakage processes. Evidence of Cu deportment was 
observed when the grade of the fine products were compared to their respective head grades. 
Interestingly, the SSI breakage process was found to be superior, slightly edging out MSI breakage 
process with respects to Cu upgrade despite both breakage process producing similar amount of fines.   
The coarse size fraction grades for all the breakage process were found to result in decrease in the 
grade of copper. The decrease (ranging from 2% to 11%) was small considering the mass of the coarse 
fraction being retained (80% to 40%). Despite the evidence of an upgrade in the fines and downgrade 
in the coarse, no distinct separation stream was observed in the mass pull-copper recovery 
relationship. Results showed that the potential of rejecting a percentage of mass means losing equal 
percentage of Cu recovery. Three main factors were found to be associated to the deportment 
behaviour of this ore. This included number of particles tested, nature of the ore and MSI breakage 
methodology.    
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The effect of number of particles tested was evident in the error associated with the results produced 
from this study. This were designated with error bars. The magnitude of the errors were significant 
and inconsistent especially for the mass (g) and grade (%) indices. To reduce the magnitude of error 
and variations associated to grade by size deportment via the JKRBT, more samples need to be tested 
to provide statistically consistent deportment results. This testing will seek to address the mass and 
grade variability posed by different ore particles.  
The ore was found not to be amendable to grade by size deportment using SSI and MSI. The 
mineralisation of the ore might be disseminated within the body of the mineral matrix and the low 
impact energies utilised. The majority of the damage being caused by the applied energies utilised in 
testing were attributed to random rock breakage and this was evident in the equivalent mass and Cu 
recoveries. 
Furthermore, the MSI breakage process recycled materials being retained on the 13.2 mm sieve size 
in subsequent breakage events. The resulting effect of this was observed in the high mass and Cu 
recovery of the mid-range size fraction (-13.2+6.7 mm). The observed difference in metal deportment 
performance is attributed to the subsequent stages of the MSI breakage process where Cu bearing 
minerals was locked up in the middlings. From this finding it was necessary to review the multiple 
stage breakage strategy to be able to make a compelling argument of grade by size deportment 
superiority between SSI and MSI breakage processes. The energy transfer efficiency of SSI breakage 
process has to be matched in the MSI process. This can be achieved by recycling every size class 
above each predetermined limiting sieve in subsequent breakage stages. Chapter 5 details the 
redeveloped MSI test procedure.  
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Enhancing precise multiple stage impact breakage for grade by 
size deportment based Grade Engineering TM 
This chapter presents a new MSI breakage method to aid further testing of the hypotheses set out to 
achieve the aims and objectives of this study. The experiment was designed to correct the various 
limitations encountered in Chapter 4’s MSI test procedures. Different ore sample, minimum sample 
requirement and redeveloped MSI breakage methods are the key factors under investigation in this 
Chapter. A Net Smelter Return (NSR) value used by the mine site has been also used for metal 
deportment assessment.  
 
5.1 Introduction 
The initial study of multiple stage impact (MSI) and single stage impact (SSI) breakage has been 
discussed in Chapter 4. The design methodology for the breakage process was found to have some 
limitations. In view of this, the current chapter set out to address some of these limitations. The key 
limitation was in how the subsequent breakage stages were conducted. Reviewing literature, it was 
found that to achieve multiple stage breakage the oversize material, obtained after removal of the 
desirable fine fraction from the primary stage breakage product, has to be subjected to the next stage 
of breakage using same amount of specific energy (Shi, 2016). Detailed investigation was, therefore, 
undertaken in this chapter to improve the precise selective breakage of the MSI using the JKRBT 
device. It is intended that the research outcomes will help further answer the initial research question 
regarding how precise selective impact breakage of particles can be exploited for enhancing Grade 
Engineering.  
5.2 Experimental 
The experimental approach in this chapter utilised two different ore samples (Ore A and Ore B). 
These ores were chosen as they showed amenability to grade by size deportment in a parallel study. 
The main mineral composition included pyrite, galena, celestine and barite.  Three main elements of 
interest Ag, Pb and Zn were found to be hosted in the ore with pyrite and barite the potential host of 
Ag with Pb being associated with the galena mineral. The selection of the ore was set to address the 
issue of metal amenability faced during the grade by size deportment studies of Ore 1. A grade by 
size deportment curve was produced for the as-received sample using assays measured in section 3.3. 
Furthermore, the experiments were undertaken to estimate the minimum sample required for the 
deportment studies to reduce the experimental errors that were encountered in Chapter 4. Finally, two 
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MSI breakage processes were developed and used in testing of the grade by size deportment of Ore 
A and Ore B. 
5.2.1 Metal deportment behaviour of as received Ore A and Ore B 
The baseline preferential deportment was determined for both as received ore samples at different 
size fractions. This was necessary to identify the size ranges that can be utilised to further improve 
the baseline grade by size response of as received ore samples. From the recovery by size results 
(Figure 5.1), it was observed that 22.28 % of the total mass was in the size range below 6.7 mm and 
reported metal recoveries of 63.19%, 62.45% and 64.50% for Ag, Pb and Zn respectively for Ore A. 
This indicates that the recovery was about 3 times the mass of material recovered, which represents 
about 200% metal upgrade. For Ore B it was found that 6.42% of the total mass was in the size range 
-6.7 mm. The percentages of metal reporting in this size fraction are 14.26% Ag, 13.70% Pb and 
14.14% Zn which represent about 100% metal upgrade. The full assay by size data is detailed in 
Appendix C.1. 
 
     
Figure 5.1 Grade by size assay of as-received samples 
 
In Figure 5.2 the deportment performance plot (mass pull vs. cumulative metal recovery) gives a 
clear visualisation of how Grade Engineering could be exploited to effect coarse gangue rejection. 
The larger the distance of separation between the recovery curve and the reference line a higher metal 
upgrade by screening could be achieved. The recovery curves for Ore A is further away from the 
reference line than the curve for Ore B.  Metal deportment in Ore B was relatively even across all 
size fractions since the distance between the metal recoveries curves where fairly close to the 
reference line, with no distinct potential being identified. Both findings provides insight on the nature 
of deportment for both ore types since both ores were presumed to be obtained from the same 
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breakage process. Based on these results it can be concluded that Ore A generates better to preferential 
grade by size deportment than Ore B.  
   
Figure 5.2 The cumulative metal and mass recoveries for the as-received samples (75 mm to 
6.7 mm) 
 
Nevertheless, looking at the grade by size assay graphs (Figure 5.1) shows there was still some 
appreciable metal content in the coarser size fraction that could be deported into the smaller size 
fractions by using more precisely controlled impact breakage. This is intended to render the coarse 
fraction to be an even cleaner gangue before it is rejected as waste. Despite different coarse fractions 
having appreciable metal content, five main size fractions were selected for testing. This included 
13.2 mm, 19 mm, 26.5 mm, 37.5 mm and 53 mm coarse material with the latter mainly used for 
testing approach Chapter 6.  
5.2.2 Determination of Minimum Sample Size Required for experiments 
Before the main groups of testing associated with this investigation began, a reproducibility study 
was carried out to establish the minimum number/mass of particles required to give statistically 
consistent results to within known errors. Generally, every ore particle irrespective of the source has 
different impact breakage properties and mineral concentration. It is therefore a necessity to know 
the sample size required to obtain similar characteristics as the bulk material.  The method of 
reproducibility testing was adopted from Huang et al. (2018). Four groups of tests (labelled A, B, C, 
D) were conducted under the same breakage conditions for each type of ore using the JKRBT. The 
size fraction -45 + 37.5 mm and -22.4 + 19 mm were selected in accordance to the size fraction that 
will be utilised in the main testing procedure. Each tests involved 30 and 100 particles for -45 + 37.5 
mm and -22.4 + 19 mm respectively. Table 5.1 shows the parameters used for estimating the 
minimum sample size required. Energy utilised for the breakage was estimated from the t10-Ecs 
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relationship for both ores. This was determined as the energy required in achieving a t10 value of 15%. 
Upon completion of the impact breakage product samples were sized using the fourth root of two 
(√2
4
) sieve series with respect to each size fraction used (Appendix C.2). Product material of +4 mm 
and -4 mm were pulverised and assayed using the handheld XRF analyser.  It should be noted that 
the assays of Ag where corrected using equation (3-2). 
 
Table 5.1 Parameters used for estimating the minimum sample size required 
Ore 
Sample 
Feed Size 
Impact 
Energy 
(kWh/t) 
No. of 
Particle per 
Test 
Number 
of Tests 
Average 
Mass per 
Sample (g) 
Ore A -45+37.5 0.31 30 4 3124 ± 135 
Ore B 
-45+37.5 0.33 30 4 3407 ± 61 
-22.4+19 0.33 100 4 1366 ± 18 
 
After completion of the individual physical test, virtual tests were conducted where each test was 
combined with each other in pairs in one set (Figure 5.3 (a)) and as a group of three in another set 
(Figure 5.3 (b)).   
 
                                     
Figure 5.3 Physical and virtual test used for sample size studies 
 
The number of particles in the virtual testing in pairs resulted in a groups consisting of 60 and 200 
for -45 + 37.5 mm and -22.4 + 19 mm respectively.  Similarly, the set of three combined experiments 
resulted in groups consisting of 90 and 300 for -45 + 37.5 mm and -22.4 + 19 mm respectively. The 
Coefficient of Variation (CoV) was used to estimate the degree of variation associated with the 
number of particles tested in each set of testing. The CoV is defined as:  
(a) (b) 
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𝐶𝑜𝑉(%) =
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑓𝑖𝑐 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑖𝑛𝑑𝑒𝑥
𝑀𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑓𝑖𝑐 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑖𝑛𝑑𝑒𝑥
 × 100 (5-1) 
Four (4) main performance indices were chosen for this study. These are the CoV (%) values of t10, 
sample head grade and metal recovery in the coarse and fine fractions respectively. The head grades 
and recoveries are the major determining factor in selecting the minimum sample size for the study 
because the aim of the thesis is to enhance mineral deportment into the fines and subsequently produce 
cleaner coarse waste material.  From literature, Huang et al. (2018) and Larbi-Bram (2010) 
established a CoV threshold of 10% to indicate the minimum allowable error within an experiment. 
They further stated that this may change depending on the nature of experiment and field of studies. 
In this current study the CoV value implies that in a test achieving a CoV value less than the threshold 
of 10%, the quantity of particles is sufficient to generate statistically consistent results and the 
variation of the experimental error is minimal (Huang et al., 2018 and Larbi-Bram et al., 2010). The 
t10 CoV (%) values were plotted against the number of particles (Appendix C.3). It was observed that 
the CoV (%) values were all less than or equal to the tolerance threshold of CoV of 10%.  This 
indicated that for a statistically consistent t10 value across both ore types, 30 and 100 particles are 
sufficient for the -45+37.5 mm and -22.4+19 mm size fractions respectively.  
 
As the main performance indices of this study are the head grade and the coarse and fines metal 
recoveries their respective CoV values were also plotted against the number of feed particles. This 
was determined from repeat testing of Ore A, -45+37.5 mm and Ore B, -45+37 mm and -22.4+19 
mm (Figure 5.4 and Figure 5.5). The graphs showed a decrease in CoV values across head grade 
and metal recoveries in the coarse and fine fractions as the number of feed particles increased. This 
implies that the higher amount of sample size the lesser variations in results and more statistically 
reliable sample size.  The decreasing trend detected for both performance indices were observed to 
have a relationship associated to an exponential function shown in equation (5-2).  
 
𝑦 = 𝐴𝑒−µ𝑥  (5-2) 
 
Where y = CoV (%), x = Number of Particles and A and µ = constants 
A very strong correlation coefficient was observed for CoV values for all head grades, coarse and 
fines recoveries when fitted with an exponential curve following Equation 5-2. Figure 5.4 presents 
the trend between  CoV (%)  for Ag feed grade, coarse Ag recovery and fine Ag recovery in relation 
to number of particles tested for -45+37.5 mm for both Ore A and B.  
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Figure 5.4 CoV (%) values showing how feed grade, coarse and fine Ag recovery performed in 
relation to number of particles tested within -45+37.5 mm 
 
It was observed that 90 particles was sufficient to produce a CoV value less than the established 
threshold of 10% for all indices except Ag feed grade. This was evident in both ores tested. Using the 
fitted exponential function relating Ag feed grade, the number of particles to achieve a CoV less than 
the threshold was estimated.  Instead of using 90 particles, 120 particles were used for the experiments 
using the -45+37.5 mm size fraction. Pb and Zn also showed similar CoV trend as Ag (see Appendix 
C.4 for Pb and Zn CoV trends) and 120 particles were also found to be sufficient to achieve a CoV 
below 10%. Similarly, for Ore B -22.4+19mm, the coarse % metal recovery index achieved CoV 
values below the threshold of 10% across each metal of interest (Ag=6.7, Pb=4.79 and Zn =3.2) for 
300 particles. However, both the feed grade and fines metal recovery indices were still above the 
threshold. Thus, it was estimated that 400 particles was required for Ore B -22.4 + 19 mm testing to 
achieve CoV values below the threshold. Figure 5.5 shows the CoV (%) trend with feed grade, coarse 
and fine Ag recovery in relation to number of particles tested for -22.4+19 mm for Ore B. The graph 
of CoV against number of particles for both Pb and Zn metals are summarised in Appendix C.4. 
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Figure 5.5 CoV (%) values of feed grade, coarse and fine Ag recovery in relation to the  
number of particles tested for the-22.4+19 mm size fraction. 
 
As the main interest is producing a clean coarse reject material, the CoV (%) value for the grade of 
the reject coarse material were estimated to assess if it produces similar values to the coarse metal 
recoveries discussed above.  
Table 5.2 shows the values of CoV (%) obtained for the grade of the reject coarse material across 
each Ag, Pb and Zn after groups of three physical tests (Figure 5.3 (b)). 
 
Table 5.2 CoV (%) values for grade of reject coarse material 
Ore Sample A B B 
Size (mm) -45+37.5 -45+37.5 -22.4+19 
No. of Particles 90 90 300 
CoV(%)-Ag 10.73 22.99 21.67 
CoV(%)-Pb 9.40 14.30 10.12 
CoV(%)-Zn 11.65 15.52 8.85 
 
CoV (%) values obtained for each metal of interest across each ore type and size fraction tested was 
found to be above the threshold of 10% with only CoV (9.40%) of Pb grade (Ore A -45+37.5 mm)  
and CoV (8.85%)of Zn grade (Ore B -22.4+19 mm) being below the threshold. This confirms the 
variability associated with grade and further suggests the need of testing more particle as estimated 
previously from Figure 5.4 and Figure 5.5 respectively to reduce this variability. It should be noted 
that, the sample sizes determined for Ore A and Ore B are solely based on the JKRBT device and the 
ore being tested. The sample size is expected to differ with different breakage devices, ore sample 
and cut size. In summary, the major findings of this reproducibility study indicates that it is advisable 
   70 
to test more samples in order to reduce the variability associated with the grade of metal in the ores 
since mineralisation of ores can differ for particles within the same group and size class.  
5.2.3 Single Stage Impact Breakage (SSI) 
Particles from selected size fractions for both Ore A and Ore B were tested using the JKRBT. The 
value for the specific breakage energy was calculated as the specific energy, Ecs at a t10 of 15% and it 
was found to be approximately 0.31 kWh/t and 0.33 kWh/t for Ore A and B respectively.  Ore samples 
were subjected to a single impact breakage with an input rotor speed equivalent to 0.31 kWh/t and 
0.33 kWh/t for Ore A and B respectively. Feed particles of Ore A (-45+37.5 mm) and Ore B (-45+37.5 
mm and -22.4+19 mm) were broken using the SSI breakage method. The products were sized using 
a fourth root of two (√2
4
)  sieve series. In addition to the sieves selected, tn (t2, t5 and t10) approximated 
sieve sizes were also included where, sieve size t2 is considered as the coarse, t5 as medium fraction 
and t10 as the fines fraction.  The mass retained on each sieve sizes were measured and recorded. 
Particles retained on each tn sieve were staged crushed, pulverised and analysed using ICP analysis 
at an external laboratory (ALS).  
 
The test procedure was then repeated using a specific breakage energy equivalent to twice the Ecs at 
a t10 of 15% (i.e. 0.62 kWh/t and 0.66 kWh/t for Ore A and B respectively) and 1 kWh/t across both 
Ore A and B. This was to investigate the metal deportment into the fines under higher impact energies 
and also to assess the deportment behaviour at different specific energy for a particular ore type and 
size fraction. The breakage process flow diagram is the same as that shown in Figure 4.1(a) with 
only the size fractions being different.  A summary of the experimental parameters is provided in 
Table 5.3. 
 
Table 5.3 Breakage parameters derived for SSI test method for Ore A and B 
Ore 
Sample 
Feed Size 
(mm) 
Applied 
Energy 
(kWh/t) 
Rotor  
Speed 
(rpm) 
No.  of 
Particle 
t2 sieve 
size 
(mm) 
t5 sieve 
size 
(mm) 
t10 sieve 
size 
(mm) 
Ore A -45+37.5 
0.31 1550 
120 22.4 8.0 4.0 0.62 2109 
1.0 2607 
Ore B 
-45+37.5 
0.33 1594 
120 22.4 8.0 4.0 0.66 2168 
1.0 2607 
-22.4+19 
0.33 1655 
400 9.5 4.0 2.0 0.66 2251 
1.0 2707 
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Similarly, feed particles in the size range -31.5+26.5 mm (200 particles) and -16+13.2 mm (400 
particles) for both ores were also tested with the SSI breakage method using a low impact energy (Ecs 
at t10 of 15%). This was to observe how different size fractions behave under lower impact energy 
and also to assess the extent of change exhibited by metal deportment behaviour across different size 
fractions of the same ore type.  
 
In order to confirm if the number of particles utilised in testing to produce a statistically consistent 
results as predicted in section 5.2.2, two lots of repeat experiments were conducted for the SSI 
breakage method using 0.31 kWh/t and 0.33 kWh/t for Ore A (-45+37.5 mm) and Ore B (-45+37.5 
mm and -22.4+19 mm) respectively. Due to the nature of the experiments and large number of 
samples being tested, only a repeat of low energy (0.31 kWh/t for Ore A and 0.33 kWh/t of Ore B) 
SSI breakage testing was done to estimate the error associated with the metal deportment studies. For 
the recovery and mass pull plot, the error bars were calculated at 90% confidence, to assess the 
magnitude of differences between the deportment behaviour of various breakage methods.  It should 
be noted that the error estimated for SSI (0.31 kWh/t) and SSI (0.33 kWh/t) was assumed to be the 
same across other breakage test methods conducted for the metal deportment studies in this thesis.  
5.2.4 Multistage Impact Breakage (MSI) Ore A and Ore B 
Breakage of rocks in multiple stages forms a major component in achieving the aims of this study. 
The experimental method was designed based on the theory of incremental/progressive impact 
breakage found in literature (Shi, 2016). The aim of this method was to investigate the change in 
metal deportment behaviour after multistage low energy impact breakage and also how it can affect 
cleaning of the rejected coarse material. The approach includes breakage of rock particles at a 
predetermined specific breakage energy, sizing the progeny to remove fine products and re-breaking 
the size fraction defined as the coarse fraction.  This continues for a number of iteration set by the 
design protocol.  
 
Since the approach uses controlled and precise breakage, the specific breakage energy is estimated 
from the t10-Ecs relationship. For this work, the specific breakage energy was calculated to be 0.31 
kWh/t and 0.33 kWh/t, which represents the average energy at a t10 of 15% for both Ore A and Ore 
B respectively. Two main MSI breakage strategies were adopted in the study. A change in strategy 
came in the second stage of MSI testing where a wide size fraction was broken in one method and a 
narrow size fraction broken in the other.  This was done to ascertain any size dependency effect on 
selective breakage. Moreover, since re-breakage of narrow size fractions is time consuming, the wide 
size fraction re-breakage method was investigated to ascertain the difference in metal deportment 
performance of both methods and to simplify the process (less time-consuming). Furthermore, a 
potential industrial application of both method in gangue rejection would be more likely to use wide 
   72 
size fractions since quite a few sorting methods require multiple, narrow size fractions and are 
miserable to operate.  
5.2.4.1 Multistage impact (MSI) breakage testing with narrow size range re-broken (MSI-N) 
Feed samples were broken using the JKRBT at set parameters tabulated in Table 5.4. The first stage 
of impact breakage used a rotor speed equivalent to 0.31 kWh/t and 0.33 kWh/t for Ore A and B, 
respectively. The product was screened using a root of two (√2) sieve series with material passing t10 
sieve size prepared for assay. The oversize of each sieve sizes were recycled as feed for the second 
stage breakage. Each narrow sieve size material were subjected to the next stage of breakage using 
the same level of specific energy. Therefore, for each size breakage the rotor speed was recalculated 
based on the narrow size fraction. The calculated values are shown in Appendix C.5. The products 
from each size group tested were screened individually using a fourth root of two sieve series with 
inclusion of selected tn (t2, t5 and t10) approximated sieve sizes in reference to the original feed size. 
The samples were then prepared for assay using the same procedure as used in SSI testing. 
 
Table 5.4 Breakage parameters derived for MSI test method for Ore types A and B 
Ore 
Sample 
Feed 
Size 
(mm) 
Applied 
Energy 
(kWh/t) 
Speed of 
Rotor 
(rpm) 
No.  of 
Particle 
t2 sieve 
size 
(mm) 
t5 sieve 
size 
(mm) 
t10 sieve 
size 
(mm) 
Ore A -45+37.5 0.31 1550 120 22.4 8.0 4.0 
Ore B 
-45+37.5 0.33 1594 120 22.4 8.0 4.0 
-22.4+19 0.33 1655 400 9.5 4.0 2.0 
 
5.2.4.2 Multistage impact (MSI) breakage testing with wide size range re-broken (MSI-W) 
In this breakage strategy the initial breakage was carried out using the method for MSI-N tests. The 
breakage parameters used where the same as in Table 5.4. The only difference in this testing was that 
the  material retained on the t2, t5 and t10 equivalent sieve sizes were broken in the next stage using 
the same energy input but recalculating the rotor speed based on the wider particle size fraction (+t2 
mm, -t2+t5 mm, -t5+t10 mm, sieves).  The results are summarised in Appendix C.6. After the first and 
second stages of breakage, product material on +t2, +t5, +t10 and -t10 equivalent sieve sizes were 
collected, pulverised and assayed by taking representative subsamples for ICP assays. From the grade 
of the second stage breakage, grades of the first stages breakage products were back calculated using 
a mass balance approach. Figure 5.6 shows a simple flow diagram of the MSI test using the -45 + 37 
mm size fraction as feed. 
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Figure 5.6 Flow Diagram of the Multiple Stage Impact Breakage Tests (MSI-W) 
 
5.3 Results and Discussion  
5.3.1 SSI grade by size deportment performance 
5.3.1.1 Effect of specific breakage energy deportment behaviour 
Three different specific energies  were used for single stage impact (SSI) breakage metal deportment 
studies of Ore A -45+37.5 mm (0.31, 0.62 and 1 kWh/t), Ore B -45+37.5 mm (0.33, 0.66 and 1 kWh/t) 
and Ore B -22.4+37.5 mm (0.33, 0.66 and 1 kWh/t). For each breakage product the particle size 
distribution, metal (Ag, Pb and Zn) grade and recoveries were estimated. As expected the size 
distribution produced finer products with an increase in breakage energy. The full distribution is 
detailed in Appendix C.7. Results of the cumulative metal recovery and grade obtained was also 
plotted against their respective cumulative mass (mass pull) to assess the metal deportment 
performances of the SSI breakage method. Among the three metals deported (Ag, Pb and Zn) for Ore 
A -45+37.5 mm treatment with 0.31, 0.62 and 1 kWh/t breakage energy, Zn showed much better 
metal deportment. Figure 5.7, presents the SSI grade-recovery-mass-pull curves for Ore A (-45+37.5) 
Zn deportment.   
   74 
 
a. Recovery-mass pull curve                              b. Grade-mass pull curve 
Figure 5.7 SSI Zn deportment behaviour of Ore A (-45+37.5 mm) 
 
From Figure 5.7 it is observed that the recovery curves were slightly above the reference line showing 
evidence of grade by size preferential deportment especially towards the fines region of the curve for 
each specific energy. Error bars produced for Zn recovery after SSI 0.31, 0.62 and 1 kWh/t Ore A 
treatment produces very small errors for the fine fraction as compared to the coarse fraction. It should 
be noted that the error bars represent 90% confidence intervals that were calculated based on 3 repeats 
of low impact energy breakage testing.  
 
The errors found at the fine end of the deportment curve across each breakage energy did not interact 
with each other. This implies a significant difference between the three specific energy tested. The 
results presents Ore A treatment with 0.31 kWh/t as the optimum Zn deportment at a cut size of 4 
mm.  At a cut size of 4 mm, the mass pull achieved for 0.31 kWh/t, 0.62 kWh/t and 1.0 kWh/t was 
14%, 24% and 35% respectively. The corresponding Ag recoveries for this mass pull were found to 
be 33%, 39% and 51% Ag recovery. It was observed that treating Ore A with a low specific energy 
of 0.31 kWh/t produces a recovery twice the amount of the mass pull at that cut size. This was also 
the case where the grade of Zn recovery was found to be twice that of the feed grade. With regards to 
Ag and Pb deportment it was observed that there was no significant difference between deportment 
performance obtained across 0.31 kWh/t, 0.62 kWh/t and 1.0 kWh/t breakage energy. This was 
evident where the error bars produced for Ag and Pb recovery at each breakage energy cross each 
other at all cut sizes (see Appendix C.8 for Ag and Pb deportment curves). It should be noted that 
the preferential deportment was not as strong as in Figure 5.2, because in that case most of metal has 
already been deported into the -6.7mm material and Figure 5.7 represents an attempt to scavenge 
metal from the material in the -45+37.5 mm size fraction. 
   75 
Although the recovery curves fitted to the measured data points for different energies were not as 
strong as the nature of the as received sample, this was not the case for  the grade of Ag, Pb and Zn 
in the accept and reject streams as presented in Table 5.5. The results shows the mass pull and grade 
for all three metals in accept and reject streams for Ore A (-45+37.5 mm) treatment.  
 
Table 5.5 SSI of Ore A (-45+37.5 mm) metal accept and reject stream at a cut size of 4 mm 
SSI 
Ecs  
kWh/t 
Feed Grade Accept 
Mass 
(%) 
Accept Grade Reject 
Mass 
(%) 
Reject Grade 
Ag 
ppm 
Pb 
(%) 
Zn 
(%) 
Ag 
ppm 
Pb 
(%) 
Zn 
(%) 
Ag 
ppm 
Pb 
(%) 
Zn 
(%) 
0.31 8.0 0.11 0.16 14 15.0 0.19 0.36 86 6.9 0.09 0.12 
0.62 9.5 0.11 0.17 24 14.0 0.16 0.27 76 8.1 0.09 0.13 
1.0 8.4 0.11 0.17 35 11.0 0.12 0.25 65 6.9 0.10 0.13 
 
From the Table 5.5 it could be seen that the SSI (0.31 kWh/t) test produced the highest mass reject 
with an accept stream grades which are higher than the feed grade for Ag, Pb and Zn.  The mass 
rejected decreased with increasing energy however, the reject grades were found to be approximately 
similar to that of SSI (0.31 kWh/t). The results indicates that the specific energies 0.62 kWh/t and 1.0 
kWh/t produces a diluted concentrate with high mass pull resulting in lower grade.  
 
The metal upgrade factor (Response Factor, RF) and Response Ranking parameters were also 
analysed to confirm the assumption of the effect of breakage energy on metal deportment behaviour. 
As already discussed in 0 section 3.6.2 the RR parameter is obtained from the relationship of mass 
pull and RF. The resulting grade by size RR curves based on three cut sizes for different breakage 
energy testing is represented in graph form in Figure 5.8 using Zn RF and mass pull obtained from 
Ore A (-45+37.5 mm) testing.  
 
Figure 5.8 SSI Zn response ranking (RR) curves (-45+37.5 mm) 
   76 
From the Figure 5.8 it was observed that the various RF-mass pull curves (RR curve) produced from 
the relationship of RF-mass pull were slightly similar at the coarse end and slightly different at the 
fine end. The RF analysis shows a trend where lower energies produces lower mass pulls which in 
turns produces higher RF values. The SSI (0.31 kWh/t) recorded the highest RF value, 2.29 at accept 
mass pull of about 14%. This was achieved for Ag deportment into the 4 mm undersize material. The 
high RF value indicates that the breakage strategy produces about 129% metal upgrade in the fines 
and 22% downgrade in the rejected coarse material which had an RF value of 0.78 at a mass pull of 
86%. Additional analysis saw the comparison of the average Zn RR responses produced for different 
breakage energies RR curves for Ore A (-45+37.5 mm). The estimated Zn RR parameter are denoted 
by the numbers at the end of each RR curve in Figure 5.8. The SSI (0.31 kWh/t) deportment of Zn 
was observed to achieved the highest Zn RR value of 88 as compared to that obtained from the SSI 
0.62 kWh/t (RR 66) and SSI 1.0 kWh/t (RR 70) testing.  
 
These results coupled with the RF values look very promising not only because of the upgrade in the 
fines, but also the downgrade ratio in the coarse which demonstrates a case of cleaning of the coarse 
reject waste material. Graphs showing the RF-mass pull relationship, RR curve and RR parameter of 
Ag and Pb metal for Ore A (-45+37.5 mm) are detailed in Appendix C.8. For each case the RF and 
RR results were always found to be better for SSI using 0.31 kWh/t breakage energy. While none of 
these results produce an economically rewarding RR, a single impact of 0.31kWh/t does produce a 
cleaner waste. 
 
Due to the utilisation of the same experimental procedure for both Ore A and Ore B the results 
obtained from SSI breakage of Ore B -45+37.5 mm and -22.4+19 mm at three different energies will 
be briefly discussed. The Zn and Pb metal deportment at a cut size of 4 mm (t10 equivalent sieve size 
of -45+37.5 mm) and 2 mm (t10 equivalent sieve size of -22.4+37.5 mm) respectively were found to 
produce the best deportment performance. Deportment behaviour obtained from SSI breakage of Ore 
B -45+37.5 mm and -22.4+19 mm at three different energies are shown in Figure 5.9 and Figure 
5.10 respectively. The summarised deportment data is further presented in Table 5.6 and Table 5.7 
for both Ore B -45+37.5 mm and -22.4+19 mm respectively.  
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a. Recovery-mass pull curve                                                b. Grade-mass pull curve 
Figure 5.9 SSI Zn deportment behaviour of Ore B (-45+37.5 mm) 
 
Table 5.6 SSI of Ore B (-45+37.5 mm) metal accept and reject stream at cut size 4 mm 
SSI  
Ecs  
kWh/t 
Feed Grade Accept 
Mass 
(%) 
 
Accept Grade Reject 
Mass 
(%) 
Reject Grade 
Ag 
ppm 
Pb 
(%) 
Zn 
(%) 
Ag 
ppm 
Pb 
(%) 
Zn 
(%) 
Ag 
ppm 
Pb 
(%) 
Zn 
(%) 
0.33 7.5 0.09 0.27 13 21.0 0.17 0.64 87 5.5 0.08 0.22 
0.66 12.7 0.14 0.37 24 22.0 0.17 0.52 76 9.7 0.13 0.32 
1.0 6.7 0.10 0.30 32 8.0 0.12 0.40 68 6.0 0.08 0.26 
 
 
 
a. Recovery-mass pull curve                                  b. Grade-mass pull curve 
Figure 5.10 SSI Zn deportment behaviour of Ore B (-22.4+19 mm) 
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Table 5.7 SSI of Ore B (-22.9+19 mm) metal accept and reject stream at cut size 2 mm 
SSI  
Ecs  
kWh/t 
Feed Grade Accept 
Mass 
(%) 
 
Accept Grade 
Reject 
Mass 
(%) 
Reject Grade 
Ag 
ppm 
Pb 
(%) 
Zn 
(%) 
Ag 
ppm 
Pb 
(%) 
Zn 
(%) 
Ag 
ppm 
Pb 
(%) 
Zn 
(%) 
0.33 6.4 0.11 0.31 11 13.0 0.24 0.68 89 5.6 0.09 0.26 
0.66 7.9 0.12 0.31 22 11.0 0.19 0.51 78 7.1 0.10 0.26 
1.0 5.5 0.08 0.26 32 6.0 0.09 0.37 68 5.2 0.07 0.20 
 
At the specified cut sizes the difference in metal deportment behaviour obtained for SSI 0.33 kWh/t 
testing of Ore B -45+37.5 mm and 22.4+19 mm, were found to be statistically significant from the 
other energies. This was evident with the low error associated with the products obtained at these cut 
sizes. Despite the slight difference observed for SSI (0.33 kWh/t) and other breakage energies 
associated with Ore B -45+37.5 mm and -22.4+19 mm respectively, their metal recoveries and grade 
were still averaging twice the amount of mass pull and feed grade respectively. This was found to be 
similar to findings in Figure 5.7. Among the other metal deportment behaviour only Zn deportment 
for Ore B -22.4+19 mm showed similar effect as discussed above in Figure 5.9 and Figure 5.10.  
 
The remaining metal deportment behaviour exhibited no statistical difference between the different 
breakage energy utilised. Even though there were slight inconsistencies in all deportment 
performance of Ore B -45+37.5 mm and -22.4+19 mm SSI (0.33 kWh/t) treatment, it was noted that 
their preferential deportment behaviour was fairly stronger than that observed for the as-received Ore 
B sample in Figure 5.2. Deportment curves of Ag and Pb metal for both Ore B -45+37.5 mm and 
22.4+19 mm are shown in Appendix C.9. In addition to the deportment behaviour, RF and RR values 
were estimated for all breakage energy utilised. Low breakage energy 0.33 kWh/t was found to 
produce higher RF and RR values than 0.66 kWh/t and 1.0 kWh/t breakage energies. The results of 
RF and RR values obtained for all three metal of interest are summarised in Table 5.8.  
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Table 5.8 Summary of RF and RR obtained for Ore B SSI breakage test at different energies 
Size fraction 
(mm) 
Energy 
(kWh/t) 
Mass pull to 
fines (%) 
Ag RF Pb RF Zn RF Ag RR Pb RR Zn RR 
-45+37.5 mm 
0.33 13 2.82 1.79 2.34 107 58 87 
0.66 24 1.74 1.24 1.40 79 34 49 
1.0 32 1.20 1.33 1.33 33 49 49 
-22.4+19 mm 
0.33 11 2.03 2.25 2.20 64 73 72 
0.66 22 1.37 1.58 1.62 38 60 64 
1.0 32 1.09 1.17 1.44 11 25 64 
 
Metal deportment at three different energies has been tested on a single stage impact (SSI) breakage 
approach utilising Ore A -45+37.5 mm, Ore B -45+37.5 mm and Ore B -22.4+37.5 mm as test 
samples. The findings from the SSI testing indicates evidence of metal deportment being specific 
breakage energy dependent where low impact energy was found to produce better deportment 
performance in most cases. This suggest that low impacts in succession might be used to control the 
amount of material going to the reject and accept stream and can potentially be used for  controlled 
cleaning of coarse waste material.      
5.3.1.2 Effect of particle size on deportment behaviour 
Previous research conducted in the space of ore particle breakage has found that larger particles break 
much easily than smaller particles. Studies conducted by Banini (2000) confirmed this claim and 
developed a breakage probability model incorporating the effect of particle size on ore breakage. In 
recent years, clear evidence of ore particle breakage being size dependent has been validated by work 
done by Shi & Kojovic (2007). Since the main preferential deportment studies in this thesis is based 
on breakage of ore particles, it was assumed that metal deportment into different particle size 
distributions could be influenced by the initial feed size. To confirm this assumption there was the 
need to ascertain the effect of initial feed size on preferential deportment of Ore A and Ore B samples 
utilised in deportment studies. From the experimental procedure low impact energy (Ecs at t10 of 15%) 
was used to test four different size fractions ( -45+37.5 mm, -31.5+26.5 mm, 22.4+19 mm and 
16+13.2 mm) of both Ore A and Ore B. For each test the deportment behaviour obtained across each 
metal of interest were analysed.  Figure 5.11 demonstrates the effect of particle size observed for Zn 
deportment of a treated Ore B sample. Among all size fractions tested only the -45+37.5 mm and -
22.4+19 mm testing were repeated. Therefore error bars were only assigned to the deportment curves 
for these size fractions.  
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a. Recovery-mass pull curve                                                b. Grade-mass pull curve 
Figure 5.11 Zn deportment behaviour of SSI (0.33 kWh/t) breakage of Ore B at four different 
size fractions 
 
From Figure 5.11 a., it could be observed that there is a level of difference between deportment 
behaviour for some of the initial feed sizes tested. Assuming the small error bars associated with -
45+37.5 mm and -22.4+19 mm testing is similar for other size fraction -31.5+26.5 mm and -16+13.2 
mm testing, a clear difference can be observed for some of the data points especially towards the fine 
end of the deportment curves. Size fraction -16+13.2 mm was found to be the most different from the 
other size fractions. In Figure 5.11 b., the trend observed for grade-mass pull curve was fairly similar 
for -45+37.5 mm, -22.4+19 mm and -31.5+26.5 mm testing with -16+13.2 mm size fraction 
producing a slightly different trend. The difference was linked to variations in feed grade observed 
between -16+13.2 mm and the other three size fractions. This effect explains the strong deportment 
behaviour associated with the -16+13.2 mm size fraction tested. Comparing this findings to Ag and 
Pb deported for Ore B and all metal deportment of Ore A, it was found out that they also exhibits 
similar feed grade effect on deportment behaviour. Results of other deportment behaviour are detailed 
in Appendix C.10. 
 
In an attempt to further confirm the difference in deportment behaviour across size fractions tested, 
RR values were calculated for each metal of interest. Table 5.9 contains a summary of the response 
measured for Ore A and Ore B. The RR results showed similar effect observed in the deportment 
curves in Figure 5.11. A small difference was observed for some size fractions but the differences 
cannot be consider statistically significant. In other instances some size fraction produced quite a 
significant difference in measured response as compared to others. An example is the comparison of 
the Zn RR for Ore B where -45+37.5 mm, 22.4+19 mm and -16+13.2 mm produce response values 
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of 87, 72 and 108 respectively.  The results of the RR values together with the individual deportment 
behaviour clearly showed some level of size dependency.  It should be noted that the effect of particle 
size on preferential deportment was not associated to ore breakage degree (t10) as found in literature.  
 
Table 5.9 Summary of different size fraction RR results at cut size of t10 equivalent sieve size 
Ore Sample Size fraction (mm) Ag RR Pb RR Zn RR 
Ore A 
-45+37.5 mm 67 58 88 
-31.5+26.5 mm 64 59 79 
-22.4+19 mm 56 57 66 
-16+13.2 mm 77 78 90 
Ore B 
-45+37.5 mm 107 58 87 
-31.5+26.5 mm 90 36 74 
-22.4+19 mm 64 73 72 
-16+13.2 mm 91 77 108 
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5.3.2 MSI grade by size deportment performance 
In this section two main methods are utilised, one being the standard multiple stage impact breakage 
and the other an alternative procedure for the standard method. The MSI-N breakage method as 
already discussed in section 5.2.4.1 is the MSI breakage method which employs a narrow size 
fractions in subsequent breakage events. Results of MSI-N treatment of Ore B (-22.4+19 mm) are 
presented in Figure 5.12. 
   
a. Recovery-mass pull curve                                    b. Grade-mass pull curve 
Figure 5.12 MSI-N Zn deportment behaviour of Ore B (-22.4+19 mm) 
 
Recovery was observed to increase in the fine fraction (cut size) as breakage proceeds from the first 
stage to the second for both MSI-N breakage testing respectively. Conversely, as the recovery 
increases the grade of metal in fines was observed to decrease due to increasing mass pull across each 
product size. The difference in mass pull from the first to second stage MSI-N breakage was measured 
and its equivalent difference in metal recovery compared. At cut size equivalent to t10 sieve (2.0 mm) 
the difference in mass pull against the difference in Zn recovery and grade at the fine end shows that 
approximately 17% increase in mass pull was recorded from the first to second stage breakage (13% 
to 30%). Interestingly, the increase in Zn recovery was found to have slightly higher value to that of 
mass pull, ≈25% (24% to 49%). This shows evidence of moderate deportment of 17% mass pull at 
25% Zn recovery at a grade of 0.27% associated with the second stage breakage product only. This 
result shows promising preferential deportment enhancement with the second stage MSI breakage 
(MSI 2 hit of 0.33 kWh/t). Assessing further the opportunity presented by MSI, RF and RR 
parameters were evaluated. A graphical presentation of the Zn RF-mass pull relationship exhibiting 
Zn RR curve obtained for Ore B -22.4+19 mm testing is shown in Figure 5.13.  
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Figure 5.13 MSI Zn response ranking (RR) curves (Ore B -22.4+19 mm) 
 
 It was observed that after MSI (1 hit of 0.33 kWh/t) the RF obtained at the cut size accept stream 
was 1.92 (96% upgrade at mass pull of 13%). This value changes to 1.66 (66% upgrade at mass pull 
of 30%) after the subsequent breakage stage, MSI (2 hit of 0.33 kWh/t). The RR value estimated was 
also observed to increase from 63 to 83 for the first and second stage respectively. Alternatively, the 
reject stream was found to provide further downgrade of the coarse reject material from the first to 
second stage MSI breakage testing. The difference in downgrade rate after second stage MSI testing 
was found to be approximately twice the downgrade rate of the first stage only. Table 5.10 
summarises the results of the RF value and the estimated downgrade rate for material in the reject 
stream obtained for MSI testing of Ore B -22.4+19. 
  
Table 5.10 Coarse downgrade rate achieved for both stages of MSI testing of Ore B -22.4+19 
mm 
MSI breakage 
RF value Downgrade rate (%) 
Ag Pb Zn Ag Pb Zn 
1st stage 0.83 0.91 0.86 17 9 14 
2nd stage 0.67 0.85 0.73 33 15 27 
Difference 0.16 0.06 0.13 16 6 13 
 
The findings for the MSI testing of Ore B -22.4+19 mm was found to be similar with the results of 
MSI testing of Ore A (-45+37.5) and Ore B (-45+37.5 mm). Their metal deportment behaviour coarse 
downgrade response values are presented in Appendix C.11 and Appendix C.12 respectively.  
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As expected, additional breakage has deported additional mass and metal to the fines leaving less 
metal and mass in the coarser sizes. However, if the second stage breakage test was analysed 
separately and compared with the first stage breakage results (as shown in Figure 5.12) it could be 
concluded that the second impact has a more difficult task to unlock the minerals, which is in 
alignment with the findings in Figure 5.2 and Figure 5.7. The metal upgrade RF values were 
observed to decline after a second stage of low repetitive impact breakage.  
 
Despite the upgrade value decreasing in the second stage, the RF and mass pull plots produce a curve 
with a higher slope which in turns provides a higher RR value indicating the possibility of separation 
into two or more streams. Recalling results from the recovery curves, similar finding of improved 
recovery from first to second stage breakage was observed at the expense of reduced metal grade. 
With the higher RR value a compromise can be reached between grade, recovery and mass pull 
depending on the cost of production and revenue generated from the metal’s value.  Opportunities for 
MSI deportment cannot be ruled out despite the difficult task associated with unlocking minerals in 
the second stage MSI testing. The reject material obtained was found to produce improved downgrade 
rate after secondary stage impact breakage. This presents an opportunity to use low impact energy in 
gradual steps to clean coarse waste rock material.   
5.3.2.1 Comparing MSI-N and MSI-W deportment behaviour  
As explained earlier in 5.2.4.1 and 5.2.4.2, the calculation of specific breakage energy used for the 
JKRBT depends on the feed particle size.  Two experiments utilising two different methods for energy 
calculation for the second stage of breakage were performed and the results were compared. In one 
case the material broken in the previous stage has been sized using narrow sieve sizes (MSI-N) and 
in other case broken material was sized using wider sieve sizes (MSI-W). This comparison was 
undertaken because testing narrow size fraction (MSI-N) was found to be time consuming and will 
be difficult to implement in a large-scale process. Due to this, the current study sought to investigate 
an alternative approach that will be easy and quick to implement but also provide similar deportment 
performances as the MSI-N method.  
 
A new MSI testing procedure where a wide size fraction (MSI-W) is utilised in the second stage 
breakage was proposed and investigated. Ore A (-45+37.5 mm), Ore B (-45+37.5 mm) and Ore B (-
22.4+19 mm) were all treated with the new MSI method, MSI-W. For each test the size distribution 
obtained was compared to that produced by MSI-N. This was to ensure that both methods are 
producing equivalent particle size distributions and breakage parameters (tn, P80). The size 
distribution analyses showed that both method provides similar distribution curves and breakage 
parameters (see Appendix C.13 for full size distribution). Figure 5.14 compares the t10 values 
achieved for MSI-N and MSI-W for both Ore A and B. 
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Figure 5.14 MSI-N vs MSI-W t10 breakage parameter comparison 
 
From Figure 5.14 it was observed that both MSI-N and MSI-W were producing similar t10 values for 
the samples tested. This is expected as the RBT applies similar energy per unit mass to all particles. 
A paired t-test analysis showed that there is a 39% confidence that there is a real difference (≠0) 
between the two breakage methods. This is a low confidence and the observed p-value was greater 
than 0.05 indicating weak evidence that there is an actual difference. Since the confidence is lower 
than 95% it can be confirmed that the difference observed is considered statistically insignificant. 
This further confirms findings observed by Shi (2016).  As no statistically significant difference was 
obtained between the size distributions produced by MSI-N and MSI-W, their various metal 
deportment performances can be compared. Figure 5.15 presents comparative analysis between metal 
deportment behaviour achieved for both MSI testing with Zn deportment performance curve for Ore 
B, (-45+37.5 mm) used as an example.  
 
           a. Recovery-mass pull curve                                            b. Grade-mass pull curve 
Figure 5.15 Second Stage MSI-N vs MSI-W Zn deportment behaviour of Ore B (-45+37.5 mm) 
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It should be noted that comparison between MSI-N and MSI-W was only focused on the second stage 
breakage results. This was because the difference in both breakage was in the manner in which the 
second stage was carried out (section 5.2.4.1 and 5.2.4.2). For both methods, the second stage 
breakage exhibited improved preferential grade by size deportment as seen in Figure 5.12. From 
Figure 5.15, it was observed that at a cut size of 4 mm, 49% and 52% Zn recovery was recorded in a 
total mass of 33% and 32% for the second stage breakage with MSI-N and MSI-W respectively. The 
feed grade of MSI-W (0.33% Zn) was found to be higher than that of MSI-N (0.23% Zn) and this 
was reflected in the grade of both accept streams (0.54% Zn to 0.40% Zn) and reject streams (0.24% 
Zn to 0.20% Zn) respectively. Since both methods were found to produce similar mass pulls, the only 
difference was observed in recoveries. This was due to the marginal difference in feed grade. 
Subsequently, it was found that both second stage MSI-W and MSI-N breakage methods turns to 
show similar effect associated to RF, RR and reject material downgrade rate previously discussed in 
Figure 5.13 and Table 5.10. The effect observed was the decrease in RF value of fines, increase in 
RR of fines and improved downgrade rate of the coarse reject material obtained after the second stage 
breakage.  
 
Comparing the two results of both breakage methods, error bars estimated for both MSI-N and MSI-
W recovery-mass pull were found to overlap each other showing no difference between the two 
methods (Figure 5.15). Furthermore, a t-test was conducted for three deportment performance indices 
for Zn (recovery, accept and reject stream grade across all limiting sieve sizes).  P-values obtained 
for the recovered (p=0.182) and reject stream grade (p=0.09) show that the difference between 
recovered and reject grade for MSI-W and MSI-N is statistically insignificant since their p-values are 
greater than 0.05 (95% confidence). T-test analysis of the accept grade showed a 99% confidence 
(p=0.01) that there is an actual difference between the accept Zn grades of the two methods for Ore 
B -45+37.5 mm. Despite the significant difference in feed grade between the second stage MSI-W 
and MSI-N, their recoveries were the same.  
 
The difference in feed grade was found to be an influencing factor for grade recovery at each limiting 
sieve size. It was generally observed that the t-test results of accept and reject grades are highly 
influenced by the difference in the feed grade of each test. This observation was found to occur for 
other metals deported with both MSI testing for each ore type and size fractions tested. The results of 
other metal deportment behaviour for Ore B (-45+37.5 mm) testing with all metal deportment 
behaviour for Ore A (-45+37.5) and Ore B (-22.4+19 mm) testing are shown in Appendix C.14, 
Appendix C.15 and Appendix C.16 respectively. It should be noted that the results also includes the 
RR curves. 
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Based on the collective results of MSI-N and MSI-W it can be concluded that the MSI-W testing 
procedure can be used instead of the MSI-N test.  The MSI method and its equivalent SSI method 
can then be assessed to ascertain the optimum process route for preferential Ag, Pb and Zn deportment 
from Ore A and Ore B. 
5.3.3 Comparative analysis between SSI and MSI metal deportment performance 
Deportment performances of the SSI and MSI breakage methods has been studied in detail under 
section 5.3.1 and 5.3.2. As presented previously, both methods showed potential for preferential grade 
by size deportment.  It is, therefore, important to compare both methods at the same energy. Initially, 
the size distribution of both methods were assessed. Figure 5.16 show the particle size distribution 
obtained for MSI and SSI breakage of Ore A and Ore B.  
 
   
 
Figure 5.16 Particle size distribution of ore samples treated with MSI and SSI breakage. 
 
As shown in Figure 5.16, the PSD was not the same. Coarser particles were being produced in the 
SSI-0.62 kWh/t breakage compared to the second stage of MSI-0.31kWh/t. However, at the finer end 
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of the size distribution (ranging from 2.36 mm to 0.075 mm), the second stages of MSI-0.31 kWh/t 
and SSI-0.62 kWh/t (highlighted by the red circle in Figure 5.16) had their PSD curve gradually 
becoming similar to each other, as predicted by Shi (2016). It should be noted that similar 
observations were evident in both size fractions of Ore B tested. In addition to the MSI and SSI 
breakage method’s size distribution comparison, their individual t10 values were also compared. The 
estimated t10 values obtained from MSI and SSI for both ore samples are presented in Table 5.11.   
 
Table 5.11 Estimated t10 values for MSI and SSI treatment of Ore A and B 
Ore Type 
Size fraction 
(mm) 
Degree of breakage (t10 ), % 
MSI SSI 
Ore A -45+37.5 32.78 24.32 
Ore B 
-45+37.5 33.58 23.48 
-22.4+19 30.24 22.74 
 
The t10 values for SSI (0.62 kWh/t) are approximately 10% less than that of MSI (2 hit of 0.31 kWh/t).  
This suggest that 2 hits of 0.31 kWh/t (MSI testing) produces more fines (around t10 – the fraction -
1mm is almost identical) compared with an equivalent single hit of 0.62 kWh/t (SSI testing). With 
more fines being generated for MSI than SSI their deportment performance would not be sufficient 
to assess the difference in their performance. Due to this, the RR curve used in Grade Engineering 
applications, can provide an extra factor when comparing the two breakage methods. The Figure 5.17 
shows a comparison between the deportment performance of products generated from MSI and SSI 
breakage tests performed using Ore B with size fraction -45+37.5 mm.  
 
 
             a. Recovery-grade-mass pull curve                     b. Grade-mass pull curve 
Figure 5.17 Comparison of Zn deportment performance and RR parameter using MSI and 
SSI breakage method for Ore B -45+37.5 mm 
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When the MSI results were compared to the SSI breakage testing it was seen that MSI breakage 
provide slightly better deportment than that of SSI breakage testing. SSI (0.66 kWh/t) still produced 
decent deportment but it fell short to the MSI testing method since its deportment performance 
showed a diluted recovery towards the coarse end of the curve. Furthermore, it was clearly seen that 
despite the feed grade of SSI (0.66 kWh/t) being slightly higher than MSI (2 hit of 0.33 kWh/t), the 
latter achieved better deportment behaviour. This was evident when the recovery-grade-mass pull 
curves in Figure 5.17 was closely analysed. The error bars produced for both SSI and MSI Zn 
recovery produce very small errors for the fine fraction as compared to the coarse fraction. The nature 
of the error found for both method did not overlap each other. This further confirms the difference in 
Zn deportment using the MSI and SSI breakage methods.  
 
As observed, even though the grade of the feed was higher than in the SSI (0.66 kWh/t) test, the 
resulting grade by size was lower. Due to this, a plot of mass pull against the Response Factor (RF) 
for the MSI and SSI methods were assessed and are presented in Figure 5.18.  
 
 
Figure 5.18 Comparing MSI and SSI Zn RR curves (Ore B -45+37.5 mm) 
 
Interestingly, the evidence of ore dilution was prevalent where part of the RR curve dipped below the 
RR equal zero reference line. Furthermore, the RR parameter of SSI (RR=49) was lower than that of 
MSI. The MSI breakage method produced an RR of 74. It should be noted that for analysis of the RR 
values for MSI and SSI across all the test undertaken, RR value for MSI was similar or higher than 
the SSI. Table 5.12 shows the summarised result obtained for RR values for both MSI and SSI 
breakage methods.  
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Table 5.12 Summary of accept stream RR obtained for all MSI and SSI breakage test at 
equivalent energies 
Size fraction 
(mm) 
Energy (kWh/t) 
Mass pull to 
fines (%) 
Ag RR Pb RR Zn RR 
Ore  A 
-45+37.5 mm 
MSI  
( 2 hit of 0.31 kWh/t) 
34 64 48 60 
SSI  
(0.62kWh/t) 
24 53 55 66 
Ore B 
-22.4+19 mm 
MSI  
( 2 hit of 0.33 kWh/t) 
33 76 59 74 
SSI 
 (0.66 kWh/t) 
24 79 35 49 
Ore B 
-22.4+19 mm 
MSI  
( 2 hit of 0.33 kWh/t) 
30 95 50 83 
SSI  
 (0.66 kWh/t) 
22 38 60 64 
 
In summary, it should be noted that irrespective of the slight difference in mass pull, the MSI breakage 
method generally produce better deportment performance than the SSI method of equivalent specific 
energy. The difference in MSI and SSI breakage methods were found to be metal dependent across 
each size and ore tested. Some metal deportment showed no significant difference between the two 
methods (error bars overlapped) but the majority indicated an actual difference. These findings 
suggest that the usage of the impact breakage energy at a lower and controlled rate has the potential 
to be used to further clean coarse reject particles. 
 
 Table 5.13 shows a summary of the results for feed grade and grade of the coarse stream product 
obtained after each MSI and SSI testing. This confirms that there is a significant downgrade 
improvement in reject when the material is broken with successive, low energy impacts. The resulting 
coarse reject material after second stage of MSI was still found to contain some amount of grade with 
downgrade rate ranging between 11% and 33% at reject mass of about 66% to 70%. With the low 
rate of downgrade and relatively high mass of reject material, a third stage of coarse gangue cleaning 
(i.e MSI (3 hit of 0.31 kWh/t) can be possible. This could potentially further unlock remaining metal 
value of the coarse reject material.   
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Table 5.13 Summary of feed grade and grade of coarse stream product for MSI and SSI testing 
Ore 
/Size 
fraction 
Breakage 
mode 
Ag (ppm) Pb (%) Zn (%) 
Ag 
RF 
Pb 
RF 
Zn 
RF 
Feed 
grade 
Reject 
grade 
Feed 
grade 
Reject 
grade 
Feed 
grade 
Reject 
grade 
Ore A                      
-
45+37.5 
mm 
MSI               
(2 hit of 0.31 
kWh/t) 
8.0 6.3 0.11 0.09 0.14 0.11 0.78 0.84 0.80 
SSI                       
(0.62 kWh/t) 
9.7 8.1 0.11 0.09 0.17 0.13 0.85 0.85 0.81 
Ore B                      
-
45+37.5 
mm 
MSI                        
(2 hit of 
0.33kWh/t) 
6.1 4.5 0.10 0.0 0.27 0.20 0.74 0.80 0.75 
SSI                  
(0.66 kWh/t) 
12.7 9.7 0.14 0.13 0.37 0.32 0.77 0.92 0.88 
Ore B                      
-
22.4+19 
mm 
MSI                
(2 hit of 0.33 
kWh/t) 
6.6 4.4 0.09 0.08 0.32 0.23 0.67 0.85 0.73 
SSI                
(0.66 kWh/t) 
7.9 7.1 0.12 0.10 0.31 0.26 0.89 0.83 0.82 
 
5.4 Evaluation of Ore A and Ore B Net Smelter Return (NSR, $) by Size  
A viable mineral processing operation must generate revenue in excess of expenses. In many cases, 
process optimisation can enhance the revenue being generated. A financial model is used by the mine 
operator to analyse the value proposition associated with its ores. This model is referred to as the Net 
Smelter Return, hereafter NSR.  
 
Ore A and B treatment using the various breakage strategies produced some interesting responses 
both in metal recovery and upgrade ratios. To further assess the performances of these strategies the 
NSR model was used to estimate the value of each cut size sieve used in this study.  Processing these 
ores to provide economic value will be dependent on the metal of interest (Ag, Pb and Zn) in these 
ores. The NSR calculations translates grade recoveries at each cut size into dollar values.  Over the 
longer term, NSR will depend on metal prices. At the time of this study, the cut-off dollar value at 
which the material is considered uneconomic is US$8.52/t which was specified by the mine operator 
that supplied the ores. The breakage strategies used to treat the ores will be assessed based on this 
cut-off value and also on the basis where a value can be generated from a feed material which has no 
value (NSR=$0).  The assessment process was aided by plotting the NSR values against their 
respective cut size. Figure 5.19 represents the NSR estimation for Ore A -45+37.5 mm testing for 
both accept (green bars) and reject (red bars) streams. The mass pull to each stream at which an NSR 
value is achieved is indicated on top of each bar. This provides a useful and reasonably realistic way 
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to assess the results of selective breakage. However, the NSR does not take any account of long term 
environmental benefits which might result from producing lower grade waste with reduced potential 
for acid generation. 
 
   
Figure 5.19 NSR ($) against cut sizes for Ore A (-45+37.5 mm) at accept (green) and reject 
(red) streams 
 
From the bar graph Figure 5.19, it can be seen that treating the whole sample (i.e. the feed material 
of -45.0 mm or -22.4) will generate a zero NSR value (i.e. it is uneconomic). This was observed for 
all breakage strategies. When a cut size of 8 mm was analysed it can be seen that only the first stage 
of MSI and SSI (0.62 kWh/t) produces values of $1.3 and $1.2 respectively.  Interesting, increased 
NSR values were obtained at the -4 mm cut size for all breakage strategies. SSI (0.62 kWh/t) recorded 
the highest NSR value of $5.1 corresponding to a 24% mass recovery. This indicates that processing 
24% passing 4.0 mm of the feed material is likely to yield a returns of $5.1/t. The value of the 
remaining 76% material (-45+4.0 mm) was found to have an NSR value of $0 which indicates it is 
uneconomic and therefore could be rejected. When the NSR cut-off value is compared to the values 
produced from Ore A treatment, it could be seen that none of the breakage strategies made the cut 
(i.e. all <$8.52). However, for this study, any values greater than $0 is deemed positive and exhibits 
evidence of preferential grade by size deportment.  
From Ore B -45+37.5 mm testing NSR values obtained showed quite a different trend in all the cut-
sizes. NSR values obtained from Ore B -45+37.5 mm testing is shown in Figure 5.20. It was observed 
that processing the feed ore without performing any grade by size deportment still produces some 
level of returns ranging from $3.6 to $6.2. This was observed to improve when metal deportment was 
achieved through the various breakage strategies. At cut sizes of 22.4 mm, 8 mm and 4 mm, the NSR 
value ranged between $3.7 to $5.5 for -22.4 mm material, $4.5 to $10.0 for -8.0 mm material and 
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$5.5 to $12.5 for -4.0 mm material. This suggested that the highest NSR value was achieved within 
the -4.0 mm for all breakage strategies. 
 
   
Figure 5.20 NSR ($) against cut size for Ore B (-45+37.5 mm) at accept (green) and reject 
(red) streams 
 
All the calculated NSR values are above $0 in the accept stream. Breakage strategies, MSI (1 and 2) 
and SSI (0.66 kWh/t) were observed to have NSR values greater than the cut-off threshold. Among 
the three, SSI (0.66 kWh/t) recorded the highest value, averaging $12.5 at 23.8% material passing 4.0 
mm. The corresponding value at the reject stream was found to be $4.3 at 76.2% material retained on 
4.00 mm. Despite containing some value, it was found to be below the cut-off ($4.3) with its undersize 
material being above the cut off ($12.5). Based on this, it is justified to classify the oversize material 
as reject material. 
 
The NSR performance of Ore B -22.4+19 mm was also compared for the various breakage strategies. 
As shown in Figure 5.21, the application of both MSI and SSI breakage strategies as a grade by size 
deportment technique, resulted in high NSR values across each cut size. With a decrease in cut size 
the NSR value was observed to increase, with the -2mm material producing the highest NSR values. 
The NSR value at cut size 2.0 mm for MSI (1 hit), MSI (2 hit), SSI (0.66 kWh/t) and SSI (1.0 kWh/t) 
were $9.8/t, $7.3/t, $8.7/t, and $5.0/t, respectively. It should be noted that MSI (2 hit) is the sum of 
the hit 1 plus hit 2. The SSI (1.0 kWh/t) was treated with a single high impact energy which explains 
it recording the lowest NSR value and was found to corresponded with poor metal deportment 
performance observed for SSI (1.0 kWh/t) breakage treatment of Ore B. Among the breakage 
strategies producing 2.0 mm undersize material, only MSI (1 hit) and SSI (0.66 kWh/t) produced 
NSR values above the cut-off threshold. This was achieved at a mass yield of 12.7% and 22.3% of 
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their respective feed material. These corresponds to a rejected mass of 87.3% and 77.7% with values 
of $3.7/t and $3.5/t, for MSI (1 hit), and SSI (0.66 kWh/t) breakage strategies respectively.  
 
   
Figure 5.21 NSR ($) against cut size for Ore B (-22.4+19 mm) at accept (green) and reject 
(red) streams 
 
Despite the increased deportment of metals observed during MSI breakage at lower energy, a decline 
of NSR values was observed from the first stage breakage to the second stage. This corresponded to 
the metal upgrade results (RF) where RF values were much higher after the first stage as compared 
to the second stage of the MSI testing (Figure 5.12). In contrast, although the NSR value of the 
second stage MSI were lower than that of first stage MSI, it is still better when compared to the NSR 
generated from SSI (1.0 kWh/t). Generally, Ore B was found to produce more value than Ore A when 
both were treated with the same breakage strategy and conditions to produce high concentration of 
minerals in the fines. This could be explained by the grade by size assay results of the as-received 
sample (Figure 5.2), where the majority of the mineralisation in Ore A had already been deported 
into the fines by the primary breakage mechanism.  
5.5 Conclusion 
In this chapter, the potential of utilising precise impact breakage to enhance grade by size deportment 
of Ag, Pb and Zn was investigated utilising two low grade ore samples, Ore A and Ore B. The nature 
of the preferential grade by size deportment behaviour of the as-received sample was found to be 
stronger in Ore A than Ore B. Two main breakage strategies – a single stage impact (SSI) and multiple 
stage impact (MSI) breakage were used in deportment studies of Ore A and Ore B.  
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Prior to main testing reproducibility studies were conducted to estimate the minimum sample required 
for testing. From the results it was found out that Ag metal was the most variable among the metals 
of interest. In reference to this, the sample size estimated was based on Ag CoV values. CoV values 
were found to decrease exponentially with increase in the number of particles. The minimum number 
of particles required for testing was more in the smaller size fraction (300 to 400 particles) as 
compared to the coarse fraction (120 particles). 
 
The first set of testing used the SSI mode of breakage using three different specific breakage energies 
for metal deportment studies. The energies utilised were estimated from the Ecs-t10 relationship to be 
Ecs at t10 of 15%, twice the Ecs at t10 of 15% and a randomly selected high energy of 1 kWh/t. Results 
obtained from both Ore A and B testing showed that low energy SSI breakage produces better 
deportment behaviour than that obtained when higher breakage energies were used. Some results of 
the accept streams observed metal recoveries twice the value of mass pull to the fines. The slight 
difference in deportment behaviour observed indicates evidence of metal deportment being energy 
dependent. In addition, deportment behaviour achieved with low energy SSI breakage across different 
size fractions were also compared. Result from treatment of different size fractions indicated a 
moderate effect of feed size on the metal deportment behaviour. 
  
The second set of test involved MSI testing using 2 stages of low impact energy. Two methods of 
MSI were investigated, this included a narrow (MSI-N) and a wide (MSI-W) range size fractions re-
broken in a second stage MSI testing. Both MSI test methods did not provide any significant 
difference in their size distribution. Results from the metal deportment behaviour showed that both 
methods improves metal recovery after the second stage breakage. Furthermore, a potential of 
utilising gradual step of low impact energy to clean coarse reject material was evident. The rate of 
downgrade in the reject stream was found to be higher, varying between 15% and 33% after second 
stage breakage. Comparison of the results from MSI testing of ore samples to its equivalent SSI 
breakage energy, showed that the reject material produced from MSI was still found to have a higher 
downgrade rate.  
The deportment behaviour obtained for MSI and SSI low impact energies were found to be stronger 
for Ore B than Ore A when compared to their respective as-received natural grade by size deportment.   
Improved recoveries, higher upgrades, an RR between 70 and 100, and NSR values obtained at lower 
mass pulls after low impact energy breakage, highlights the fact that the breakage methodology 
outlined in this chapter has the potential of utilising lower breakage energies to preferentially deport 
Ag, Pb and Zn into the fines for the ores tested. It also has the potential to reduce the value of reject 
material below the cut-off NSR threshold of $8.52. The consequence of this will be the generation of 
cleaner coarse reject material from sub-economic low grade and waste mineralised feedstock.   
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Potential effect of ore process history on grade by size 
deportment 
Chapter 6 highlights using small scale testing methodologies to investigate the influence of 
processing history on metal deportment by impact breakage. Ore particles obtained from an 
abrasion process were used in deportment studies and the results compared with processing 
particles without a previous process history. Discussions and comparisons of breakage results on 
how the processing history of particles might affect selective impact breakage are made by 
comparing their grade by size deportment results. The outcome of the analysis discusses the 
potential for combined use of both abrasion and impact on opportunities for coarse gangue 
rejection.   
 
6.1 Introduction 
Selective comminution has been identified to be beneficial for treatment of raw materials especially 
if it is incorporated into a Grade Engineering TM (GE) strategy utilised in pre-concentration processes. 
Previous GE applications focused on the area of providing improved feed grade from low grade zones 
of existing ore deposits prior to the grinding stage. Grade Engineering TM outcomes from this 
application has shown promising results (Walters, 2016; Adair et. al., 2019). The focus of this project 
is to extend GE to other ores including existing mineralised stockpiles and waste dumps where hidden 
value can be unlocked to produce clean gangue reject material. Since the feed materials were obtained 
from previous mineral processing streams there is a need to determine whether the processing history 
of this material will have a significant impact on selective breakage. This is because selective 
breakage is deemed to occur when breakage method exploits an inherent property of an ore particle. 
Previous process history may or may not hinder this effect. 
 
In addition to the above discussion, this chapter further investigates the utilisation of two metal 
deportment methods to process ore particles to achieve improved coarse gangue rejection. Studies of 
selective comminution using preferential breakage by impact have been investigated in depth. 
However there have been fewer studies of using surface breakage (abrasion) or the two together. In 
this current study, it is hypothesised that some ore particles have mineralisation on the surface and 
embedded in the body. The aim is to utilise controlled abrasion technique to remove surface 
mineralisation into the fines and then subjecting the coarse particle to impact breakage technique for 
deportment (into fines) to release minerals embedded in the body of ore particles leaving coarse 
barren particles (gangue), that could potentially be rejected by screening.  This concept employs both 
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interfacial and preferential selective breakage to effect grade by size metal deportment. Detailed 
investigations was undertaken in this chapter to assess the effect of process history on selective 
breakage by impact and to improve grade by size deportment performance. The results were analysis 
based on the ore progeny distribution, metal grade-recovery curves, upgrades and downgrade ratios. 
The value preposition was then be analysed for the methods which generate an appreciable metal 
upgrade in the fines and low value coarse reject material.   
6.2 Experimental 
6.2.1 Unprocessed particle testing  
Fresh feed (from ROM material) sample was utilised in this testing. Feed particles in the size range -
45+37.5 mm, -22.4+19 mm and -16+13.2 mm were prepared and subjected to single stage impact 
(SSI) breakage using the JKRBT with an input rotor speed equivalent to 0.31 and 0.33 kWh/t for Ore 
A and B respectively. The products were sized using 4√2 sieve series (thus skipping every second 
sieve in the √2 series). In addition to the sieves selected, tn (t2, t5 and t10) approximated sieve sizes 
were also included where, sieve size t2 is considered as the coarse, t5 as medium fraction and t10 as 
the fines fraction.  The mass retained on each sieve sizes were measured and recorded. Particles 
retained on each tn sieves were staged crushed, pulverised and analysed using ICP analysis at an 
external laboratory (ALS). 
6.2.2 Processed particle testing  
To study the effect of process history on selective breakage, ore samples were obtained from a parallel 
deportment study. This parallel study was carried out by a colleague, Alfred Septian. His studies 
utilised the abrasion process to enhance coarse gangue rejects. Coarse reject material produced from 
the study was used as test samples in the current investigation. Based on his methodology, two set of 
ore samples were subjected to JK Abrasion tests using the parameters given in Table 6.1.  
 
Table 6.1 Parameters used for the abrasion process 
Feed 
Sample 
Size Fraction 
(mm) 
Equipment 
Rotational 
Speed 
Time 
(hr) 
Ore A (53x45) Tumbling AG mill Critical 70% 4 
Ore B (53x45) Tumbling AG mill Critical 70% 5 
Ore B (22x19) Tumbling AG mill Critical 70% 5 
 
The material was screened at the end of the abrasion process using a 13.2 mm sieve size and the 
coarse fraction, +13.2 mm (Figure 6.1), termed as the coarse reject material was used for consequent 
impact breakage testing. The coarse fraction received was then screened using a 45 and 37.5 mm 
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sieve for products of the abraded feed ore samples -53+45 mm, and 19.0 to 13.2 mm sieves for 
products of abraded feed ore samples -22.4+19 mm. The resulting particles in the size range -45+37.5 
mm and -22.4+19 mm, -19+16 mm and -16+13.2 mm were counted and subjected to single stage 
impact (SSI) breakage using the JKRBT with an input rotor speed equivalent to 0.31 and 0.33 kWh/t 
for Ore A and B respectively. The product obtained from the breakage event was then sized and 
prepared for assay using the same method described in section 6.2.1. It should be noted that during 
the sizing of abraded feed ore samples -53+45 mm, all particles were finer than 45 mm. 
 
 
Figure 6.1 Particles processed by abrasion showing rounded corners 
6.3 Results and Discussion 
6.3.1 Particle size analysis of impact breakage of abraded and non-abraded particle breakage    
After the breakage of the fresh (hereafter non-abraded) and processed (hereafter abraded) particles 
individually within the JKRBT, the products were sized using a square root of two sieve series with 
inclusion of t2, t5 and t10 approximated sieve sizes for each particle size tested. The PSD curves and 
their estimated t2, t5, t10, P80, D10 (i.e. particle diameter below which 10% of the sample mass exist) 
and D50 (i.e. particle diameter below which 50% of the sample mass exist) were compared to 
determine the sizes of the progenies generated from each particle breakage test. Figure 6.2 and Table 
6.2 shows the particle size distribution and the resulting distribution parameters for Ore sample A 
abraded and non-abraded particle breakage.  
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Figure 6.2 Ore A(-45+37.5 mm) PSD of non-
abraded and abraded breakage test 
Table 6.2 Ore A (-45+37.5 mm) calculated 
distribution parameters 
 
Parameters 
Non 
Abraded 
Abraded 
t2 (%) 56.76 65.05 
t5 (%) 22.24 25.02 
t10 (%) 12.87 14.75 
D10 (mm) 2.75 2.14 
D50 (mm) 18.20 15.79 
P80 (mm) 29.61 27.66 
 
The size distribution for both abraded and non-abraded particle breakage were found to be slightly 
different. Coarser particles were produced from non-abraded parent particles breakage compared with 
abraded particle breakage. Interestingly, at the finer end of the distribution (ranging from 2.36 mm to 
75 µm) the particle distribution curves for both types of parent particle gradually became similar to 
each other. This findings was further confirmed when the calculated D10 parameters in Table 6.2 
were compared. Abraded particle breakage turns to have higher percent passing for tn equivalent 
sieves and lower diameter for percentage passing values.  Where the particle diameter below which 
10% of the sample mass exists (D10 values), a marginal difference (2.75 to 2.14 mm) was found 
between non-abraded and abraded parent particle breakage respectively.  
 
The difference observed at the coarse end (P80) could be attributed to the difference in mean size 
class (D50) of both abraded and non-abraded feed material. The abrade particle tends to be blocky 
due to preferential shaper features on the particle being removed through abrasion and chipping. Since 
abraded particles were obtained from processing of -53+45 mm feed size, the top size after screening 
the product into -45+37.5 mm might be slightly different from non-abraded particle of original -
45+37.5 mm feed size. This observation was found to be the same for size distribution obtained from 
Ore B -45+37.5 mm non-abraded and abraded particle testing. Their particle size distributions are 
presented in Appendix D.1.  
 
Contrary to the nature of the size distribution produced for abraded and non-abraded particle breakage 
for Ore A and B -45+37.5 mm, no distinct difference in the size distribution of lower size fraction 
testing for the abraded and non-abraded samples were found. Figure 6.3 shows the particle size 
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distribution for Ore sample B -22.4+19 mm abraded and non-abraded particle breakage with its 
calculated distribution parameters summarised in Table 6.3.  
 
 
Figure 6.3 Ore B (-22.4+19 mm) PSD of non-
abraded and abraded breakage test 
Table 6.3 Ore B (-22.4+19 mm) 
calculated distribution parameters 
 
Parameters 
Non 
Abraded 
Abraded 
t2 (%) 53.61 55.73 
t5 (%) 21.80 20.95 
t10 (%) 12.38 12.46 
D10 (mm) 1.07 1.05 
D50 (mm) 6.61 6.53 
P80 (mm) 11.74 10.49 
 
The size analysis for both abraded and non-abraded particle breakage was found to be very similar 
with their distribution curve lying very close to each other. Small differences were observed in the 
calculated distribution parameters, however given the error within the testing method and no repeats 
these PSD cannot be considered statistically different. The resulting distribution parameters confirm 
that there is no significant difference in broken abraded and non-abraded particles for -22.4+19 mm. 
This results was found to be similar for -16+13.2 mm abraded and non-abraded particle breakage (see 
Appendix D.1 for PSD).   
6.3.2 Grade by size deportment analysis of progeny from breakage of abraded and non-abraded 
particles 
The metal deportment behaviours observed for both non-abraded and abraded particle breakage were 
assessed. This provides a baseline for better assessment of the metal deportment utilising low impact 
breakage energy. Figure 6.4 shows (a) the Ag recovery-mass pull curves and (b) Ag grade-mass pull 
curves of the JKRBT SSI breakage for Ore B -45+37.5 mm (non-abraded and abraded particles) 
utilising Ecs of 0.33 kWh/t.  
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a. Ag Recovery-mass pull curve                                            b. Ag Grade-mass pull curve 
Figure 6.4 Ag deportment behaviour obtained from non-abraded and abraded particle SSI 
treatment of Ore B (-45+37.5 mm) 
 
From Figure 6.4 a, it could be seen that the deportment curves for non-abraded was further away 
from the reference line compared to that for abraded particles. At an accept stream with a cut size of 
4 mm, the recovery of Ag from non-abraded particle breakage was approximately 36% with a mass 
pull of about 13% compared to 24% Ag recovery with a mass pull of 15% for abraded particle 
breakage. Their respective Ag grade in the -4.0 mm size fraction was 21.00 ppm compared with 8.00 
ppm, from a feed grade of 7.46 ppm and 4.89 ppm for non-abraded and abraded material respectively. 
This translated into a higher upgrade of 182% (7.46 ppm to 21.00 ppm) being achieved for non-
abraded particle treatment as compared 64% (4.89 ppm to 8.00 ppm) upgrade attained for abraded 
particle treatment.  
 
In assessing the reject stream (coarse end of the product), it was observed that abraded particle 
treatment produced a diluted coarse end product. This was evident in the coarse end of the deportment 
curve (Figure 6.4) where the points get very close to the reference line. Table 6.4 summarises the 
results of reject stream product. Downgrade values obtained from the abraded particles were found 
to be lower than the non-abraded particle treatment, (11% (RF=0.89) to 27% (RF=0.73)) at a 4.0 mm 
cut size.  Increasing the cut size to 22.4 mm, an upgrade of 2% (RF=1.02) was observed for the 
abraded particle treatment. This further highlights the dilution observed for the deportment 
performances obtained from the abraded particle treatment.  
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Table 6.4 Reject stream Ag grade by size from SSI treatment of Ore B (-45+37.5 mm) 
Size 
(mm) 
Non-abraded Particle Abraded Particle 
Mass Pull 
(%) 
Grade 
(ppm) 
RF 
Mass Pull 
(%) 
Grade 
(ppm) 
RF 
22.4 35.85 5.08 0.68 30 5.00 1.02 
8.0 77.29 4.50 0.60 73 4.54 0.90 
4.0 87.13 5.46 0.73 85 4.35 0.89 
0.0 100.00 7.46 1.00 100 4.89 1.00 
 
The deportment behaviour was observed to be moderate in both particle types tested with the non-
abraded particles testing producing much better deportment compared to the abraded particles. The 
large error bars associated with the non-abraded deportment curve (Figure 6.4) were due to the 
variability associated with Ag metal. Assuming the error generated in the non-abraded particle testing 
is similar to that of the abraded particle, a difference between both deportment curves being 
statistically insignificant at 90% confidence is likely for approximately 20% mass pull but not likely 
for mass recovery below or above 20%.  
 
Despite this finding, Ore B (-45+37.5 mm) non-abraded particle breakage was found to achieve 
higher metal recovery, better upgrade and downgrade ratios while producing lower mass recovery as 
compared to the abraded particle breakage. The result was found to be similar for all other cases with 
the only difference coming from the small error associated with Pb and Zn deportment behaviours. 
This implies that there is 90% chance that there is a real difference in non-abraded and abraded Pb 
and Zn individual deportment behaviours respectively. The results are presented in Appendix D.2. 
Also, the all metal deportment behaviour for Ore A (-45+37.5 mm), Ore B (-22.4+19 mm) and Ore 
B (-16+13.2 mm) was found to follow similar trend as observed for Ore B (-53+45 mm). The 
deportment behaviours are presented in Appendix D.3.  
 
The slight differences in each metal (Ag, Pb, Zn) deportment behaviour observed for non-abraded 
particle and abraded treatment could be attributed to difference in their feed grade. Table 6.5 below 
summaries the feed grade of non-abraded and abraded particle being treated with low energy SSI 
breakage for all samples tested. 
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Table 6.5 Feed head grade of non-abraded and abraded ore particle treatment 
Ore Sample/Size 
fraction 
Ag (ppm) Pb (%) Zn (%) 
Non-
Abraded 
Abraded 
Non-
Abraded 
Abraded 
Non-
Abraded 
Abraded 
Ore A (-45+37.5 mm) 8.02 10.05 0.11 0.09 0.16 0.12 
Ore B (-45+37.5 mm) 7.46 4.89 0.09 0.10 0.27 0.26 
Ore B (-22.4+19 mm) 6.45 5.99 0.11 0.08 0.31 0.26 
Ore B (-16+13.2 mm) 15.27 6.19 0.12 0.09 0.55 0.25 
  
In most cases, the feed grade for non-abraded particle was higher than abraded particles. This 
difference in feed head was as a result of abraded particles having slightly lower feed grade due to 
potential metal removal by previous treatment process (i.e. Abrasion). This was found to be an 
influencing factor on the grade by size deportment behaviour being caused by ore process history.    
In addition to the metal deportment behaviours, Figure 6.5 below shows the estimated dollar values 
of the resulting grade recovery by size at each stream. The mass pull to each stream at which an NSR 
value is achieved is indicated on top of each bar in the graph.  
 
 
Figure 6.5 NSR ($) against cut size for Ore B (-45+37.5 mm) at accept (green) and reject (red) 
streams obtained from non-abraded and abraded particle treatment 
 
The green bars in Figure 6.5 indicates the accept streams and the red bars indicates the reject streams.  
For each particle tested, there was value being generated across each size fraction, with cut size 4.0 
mm achieving the highest value in both the non-abraded and abraded particle treatment. It should be 
noted that only the non-abraded particle treatment at a cut size of 8.0 mm and 4.0 mm produced NSR 
values, $11.17 and $14.08 respectively, which are above the cut-off value of $8.52. This falls within 
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the acceptable region and the fine product generated can be accepted and subjected to downstream 
processing. Despite the abraded particles not being able to produce values above the cut-off ($5.99 < 
$8.52), the evidence of deportment was appreciable since a feed value of $3.42 was upgraded to $5.99 
for the -4.0 mm undersize product. With some metal already removed during the previous process 
history (i.e. abrasion), the NSR values obtained from the abraded particle SSI treatment was found to 
be encouraging. Despite the slight upgrade in the coarse fraction observed in Table 6.4, the NSR 
values obtained showed that the upgrade observed did not have a significant effect on the NSR value 
of that particular stream. This was evident when all coarse reject stream material produced no value 
(NSR=$0) for both non-abraded and abraded particle tested. A similar trend is also observed for the 
other ore samples and size fractions as summarised in Table 6.6.  
 
Table 6.6 Summary of NSR values of Accept and Reject stream from SSI treatment of non-
abraded and abraded particles 
Sample/Size 
fraction 
Non-Abraded NSR($) Abraded NSR($) 
Feed 
Accept 
Stream 
Reject 
Stream 
Feed 
Accept 
Stream 
Reject 
Stream 
Ore A                              
(-45+37.5 mm) 
0.00 9.05 0.00 0.00 0.00 0.00 
Ore B                          
(-22.4+19 mm) 
4.17 11.85 3.51 3.51 5.79 0.00 
Ore B                            
(-16+13.2 mm) 
0.00 13.64 0.00 0.00 6.03 0.00 
 
The distinct deportment performance between the non-abraded and abraded particle treatment can be 
associated with the manner in which they break. The nature of the abraded particles produced from 
the abrasion process were found to with smooth surfaces while those of non-abraded (fresh feed) 
particles were of irregular surface. With the low applied energy the potential of generating chipping 
is relative high during breakage of the non-abraded particle compared to abraded particles. This 
chipping process is deemed to be improved by stress raisers which are in the form of boundary grain 
mineralisation, vein mineralisation and preferential (hard and soft mineral) mineralisation. With these 
stress raisers being an attribute of selective breakage, non-abraded breakage was found to be more 
selective as compared to the smooth surface nature of the abraded particle breakage. Furthermore, the 
marginal deportment behaviour observed for abraded particle breakage was further attributed to the 
prior process (abrasion) which removed some of surface mineralisation and potentially deported it 
into fines. This was demonstrated with the difference in feed head grade discussed in Table 6.5.  
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Since the abraded particle treatment still produced some marginal value in the fines despite prior 
removal of some surface minerals, it is evident that waste reject material from a previous process can 
be treated to unlock the remaining value which could not be unlocked in the previous process. The 
inherent property that is being exploited by selective breakage was still found to be prevalent in the 
abraded particle breakage. However, the process history (abrasion) has limited the grade by size 
deportment behaviour of the type of ore tested in this study. To determine the overall benefit of a 
combined breakage mechanism on the metal deportment of Ore A and Ore B, the fines generated 
from the abrasion process and the products generated from the consequent SSI process must be 
combined and is discussed in the next section.  
6.3.3 Deportment performance of combined processing strategy of Ore A and Ore B   
Metal deportment analysis of a combined abrasion and impact breakage process were compared to 
an abrasion only and SSI breakage only process and presented in this section. This was to prove the 
second hypothesis that states that, for certain ore samples, the processing history can improve the 
metal deportment during impact breakage. The fines generated from the abrasion process discussed 
in 6.2.2 was assayed and the results combined with assay results of the fines generated from the 
subsequent SSI process. This was to determine the overall benefit of a combined breakage 
mechanism, i.e. process history on the metal deportment of Ore A and Ore B.  
 
Deportment performance of Ore B -53+45 mm where abrasion aims to remove surface minerals prior 
to impact breakage which targets minerals embedded in the body of particle are presented in Figure 
6.6.  
 
 
Figure 6.6 Ag deportment behaviour for combined abrasion & SSI breakage Ore B -53+45 mm 
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From the Ag deportment study of Ore B -45+37.5 mm, it was observed that after abrasion for 4-5 
hours 21% mass pull to the fines was achieved. Ag recovery within this mass was found to be 
approximately 36% at a grade of 2.75 ppm. Comparing the Ag grade obtained to that of the feed 
grade, 6.00 ppm, indicated a downgrade of about 54%. Nevertheless, the coarse generated was found 
to contain 79% mass with a higher grade at 4.85 ppm. 
  
In addition, Table 6.7 summaries the grade of feed and the resulting accept and reject stream after 
deportment. The feed material utilised for abrasion was -53+45 mm which produced -45+37.5 mm 
used as feed for SSI breakage testing. 
 
Table 6.7 Summary of Ag deportment behaviour for Ore B -53+45 mm material 
Process 
Feed Accept Stream Reject Stream 
Mass 
Pull (%) 
Grade 
(ppm) 
Mass 
Pull 
(%) 
Grade 
(ppm) 
Mass 
Pull (%) 
Grade 
(ppm) 
Abrasion 100 6.00 21 2.75 79 4.85 
SSI (abraded particle) 79 4.85 15 8.00 85 4.35 
Combined 100 6.00 33 9.48 67 4.35 
  
The grade value of coarse material obtained from abrasion was found to reduce after the material was 
subjected to single stage impact (SSI) breakage using 0.33 kWh/t energy. The resulting mass pull to 
the fines was then estimated to be 15% with Ag recovery of 24% at a grade of 8.00 ppm. An upgrade 
of 64% (4.85 ppm to 8.00 ppm) and downgrade of 11% (4.85 ppm to 4.35 ppm) was achieved in 15% 
mass pull to fine (accept stream) and 85% mass pull to coarse (reject stream) products respectively 
from the original 79% abrasion coarse reject material. 
 
Combining both abrasion and SSI breakage deportment resulted in an increase in Ag recovery in the 
fines and mass pull. The combined mass pull was estimated to be 33% with an average Ag recovery 
of 52% at a grade of 9.48 ppm and 67% mass pull with Ag recovery of 48% at a grade of 4.35 ppm 
for the accept stream and reject stream products respectively. These values translates into an upgrade 
of 57% (6.00 ppm to 9.48 ppm) and downgrade of 28% (6.00 ppm to 4.35 ppm) in the fines (accept 
stream) and coarse (reject stream) products respectively. Despite the abrasion only process producing 
a downgrade in the fines material, the combined effect of abrasion and SSI breakage results in a 
significant improvement in the concentrate grade. Converting the recovery grades into NSR ($) values 
further confirms this claim. The NSR values obtained are represented graphically in Figure 6.7.    
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Figure 6.7 NSR ($) against cut size for Ore B (-53+37.5 mm) at accept (green colour) and 
reject (red colour) streams obtained from combined abrasion and SSI breakage processes 
 
It was observed that the abrasion only process does not produce any value across the cut size in the 
accept stream but resulted in a value of $3.38 in the coarse end of the reject stream. This value 
subsequently improved after SSI treatment. The NSR values increased with decreasing cut of size 
with the highest, $5.99, being achieved at -4.0 mm.  Even though the value was lower than the cut-
off dollar value of $8.52, it is still an improvement ($3.38 to $5.99). The combined value of abrasion 
and SSI (abraded particle) was observed to increase further across each cut size with -4.0 mm NSR 
value producing an additional improvement of about $1.17 ($5.99 to $7.16). The improved NSR value 
of the combined abrasion-SSI (abraded particle) process still fell short of the cut-off dollar value. 
However, the value obtained is still considerable and highlights the benefits of the combined effect 
of abrasion and SSI ore particle treatment, especially since there was upgrade in the fines ($4.02 to 
$7.16) and with a coarse end (reject stream) generating NSR value of zero. 
 
From the deportment studies, the behaviour of each method shows a trend of metal deportment into 
the fines. The Ag recovery and grade in the fines generated from the abrasion process was found to 
be improved after subsequent impact breakage using low impact energy (Ecs = t10 of 15%). Similarly, 
coarse material obtained after the combined effect was found to increase from 19% to 27% (0.81 to 
0.73 Ag RF). This trend was also observed for Pb and Zn metals respectively. Table 6.8 provides a 
summary of the grade, dollar value, upgrade and downgrade in the fines and coarse fractions 
respectively for Ore B (-53+45 mm) combined abrasion and SSI (abraded particle) testing. The mass 
pull to fines and coarse is indicated as in green and red under each process.  
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Table 6.8 Measured response of Ore B (-53+45 mm) treated with both Abrasion plus SSI 
Process 
Measured 
Response 
Feed 
Accept Grade 
/ Value of 
Fines 
Reject Grade / 
Value of 
Coarse 
Upgrade 
in Fines 
Downgrade 
in Coarse 
Abrasion 
21% to 79% 
NSR ($) 4.04 0.00 3.38 0.00 0.84 
Ag (ppm) 6.00 2.75 4.85 0.46 0.81 
Pb (%) 0.10 0.04 0.09 0.36 0.91 
Zn (%) 0.30 0.13 0.25 0.43 0.84 
SSI                   
(abraded 
particle) 
15% to 85% 
NSR ($) 3.38 5.99 0.00 1.77 0.00 
Ag (ppm) 4.85 8.00 4.35 1.65 0.90 
Pb (%) 0.09 0.14 0.09 1.43 0.94 
Zn (%) 0.25 0.35 0.24 1.40 0.94 
Combined 
33% to 67% 
NSR ($) 4.04 7.16 0.00 1.77 0.00 
Ag (ppm) 6.00 9.48 4.35 1.58 0.73 
Pb (%) 0.10 0.14 0.09 1.33 0.85 
Zn (%) 0.30 0.43 0.24 1.45 0.79 
 
The results for Ore B -53+45 mm generally showed a much better deportment for SSI breakage of 
abraded particles as compared to that produced from the first breakage mechanism (abrasion). This 
confirms the potential of utilising impact breakage to unlock valuable minerals hidden in the coarse 
fractions. The combined product from abrasion and SSI breakage of the coarse abrasion product 
achieved an increased metal recovery in the fines with slightly improved downgrade rate for the 
coarse reject material. The consequence of this is the ability to process the coarse reject material from 
abrasion to produce a cleaner reject material. This observation corresponds with the findings of 
Chapter 5, where applying gradual steps of low impact energy results in a cleaner, coarse reject. The 
effect of process history was evident in Ore B -53+45 mm testing. The deportment behaviour of all 
other size fraction and ore tested were found to produce similar trend as observed for Ore B -53+45 
mm. A summary of the metal deportment performance and response measured is presented Appendix 
D.4.  
6.3.4 Comparison of single and combined processing strategies of ore samples 
The combined abrasion and SSI (0.33 kWh/t) processing of ore material has been found to produce 
improved metal deportment behaviour with upgrade and downgrade ratios being seen to increase for 
accept and reject material respectively. To acknowledge the benefit of incorporating abrasion process, 
i.e. prior removal of potential surface minerals into fines, before SSI (0.33 kWh/t) treatment of coarse 
product their combine deportment behaviour needs to be compared with that achieved with single 
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processing strategy (SSI (0.33 kWh/t) without prior abrasion process). In doing this, Ore B -22.4+19 
mm Zn deportment behaviour for both single and combine processing strategy are compared. This is 
presented in Figure 6.8. 
 
   
a. Zn Recovery-mass pull curve                                            b. Zn Grade-mass pull curve 
Figure 6.8 Zn deportment behaviour obtained from single (SSI (0.33 kWh/t)) and combined 
(Abrasion + SSI (0.33 kWh/t)) processing strategy of Ore B (-22.4+19 mm) 
 
The results in Figure 6.8 show that the metal deportment behaviour for both treatment process was 
satisfactory as demonstrated by the distance between the recovery-mass pull curve and the reference 
line. The arrow A and B shown in the recovery-mass pull curve identifies the potential presented by 
both combined (Abrasion + SSI (0.33 kWh/t)) and single (SSI (0.33 kWh/t)) processing strategy of 
Ore B (-22.4+19 mm). The potential identified clearly shows that combined Abrasion and SSI (0.33 
kWh/t) produces approximately twice as much mass pull and metal recovery as to that produced with 
only SSI (0.33 kWh/t). This observation depicts that the gain in mass provided by combined Abrasion 
and SSI (0.33 kWh/t) indicates additional metal deportment which reflected in the metal recovery 
value.  
 
The measured improvement highlights the additional benefit being provided by the prior abrasion 
process in the combine processing strategy. In further analysis, the quality of the concentrate and 
gangue produce in accept and reject stream is assessed for both combined (Abrasion + SSI (0.33 
kWh/t)) and single (SSI (0.33 kWh/t)) processing strategy. This analysis was aided by comparing 
grade, dollar value (NSR), upgrade and downgrade in the fines and coarse fractions respectively for 
both combined Abrasion and SSI (0.33 kWh/t) and only SSI (0.33 kWh/t). Table 6.9 summaries the 
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deportment responses for Ore B -22.4+19 mm for both processing strategy. The mass pull to fines 
and coarse is indicated as in green and red under each process. 
Table 6.9 Measured response of Ore B (-22.4+19 mm) treated with both process strategies 
Process 
Strategy 
Measured 
Response 
Feed 
Accept Grade 
/ Value of 
Fines 
Reject Grade 
/ Value of 
Coarse 
Upgrade 
in Fines 
Downgrade 
in Coarse 
Combined 
Abrasion & 
SSI (0.33 
kWh/t) 
27% to 63% 
NSR ($) 4.92 11.14 0.00 2.26 0.00 
Ag (ppm) 7.54 11.90 5.96 1.58 0.79 
Pb (%) 0.10 0.14 0.08 1.45 0.84 
Zn (%) 0.36 0.71 0.24 1.94 0.66 
SSI          
(0.33 kWh/t) 
11% to 89% 
NSR ($) 4.17 11.85 3.51 2.84 0.84 
Ag (ppm) 6.45 13.00 5.60 2.02 0.87 
Pb (%) 0.11 0.24 0.09 2.24 0.84 
Zn (%) 0.31 0.68 0.26 2.19 0.85 
 
Results in Table 6.9 shows that for both processing strategy there is evidence of feed grade and value 
being improved in accept stream and also lowered in the reject stream. The utilisation of SSI (0.33 
kWh/t) processing strategy was found to achieved a much higher metal upgrade in fines than the 
combined Abrasion and SSI (0.33 kWh/t) processing strategy. The resulting effect was attributed to 
the relatively low mass pull being observed for SSI (0.33 kWh/t). With the influence of mass pull on 
the metal upgrade, the individual deportment responses however were found to be slightly closer. 
Comparing the NSR values, the closeness could clearly be seen where the upgrade in fines was 
approximately 126% ($4.92 to $11.14) for combined Abrasion and SSI (0.33 kWh/t) and 184% ($4.17 
to $11.85) for only SSI (0.33 kWh/t).  
 
Despite combined Abrasion and SSI (0.33 kWh/t) processing strategy falling short in the comparison 
of metal upgrade in fines, its advantage was evident when downgrade ratios of the coarse reject 
material were compared to those of SSI (0.33 kWh/t) tests. From Table 6.9 it was observed that 
combined Abrasion and SSI (0.33 kWh/t) processing strategy turns to produce a zero value i.e. 100% 
downgrade ($4.92 to $0.00) coarse reject material while only SSI (0.33 kWh/t) processing strategy 
produce just about 16% downgrade ($4.17 to $3.51) coarse reject material. The paradox here is that 
using combined Abrasion and SSI (0.33 kWh/t) processing strategy, more mass is been removed into 
fines leaving lower amount of coarse product. This subsequently translated into lower metal value 
remaining in the coarse reject material. The resulting findings shows that combined Abrasion and SSI 
(0.33 kWh/t) processing strategy produces a much cleaner coarse reject material as compared to its 
compatriot, SSI (0.33 kWh/t). Furthermore, it could be concluded that prior removal of surface 
   111 
minerals through abrasion provided addition benefit through increased metal recovery and downgrade 
ratio. 
6.4 Conclusion 
This chapter was undertaken to investigate the effect of processing history of parent particles on metal 
deportment behaviour of progeny. Two main testing strategies were conducted with the aim of 
understanding deportment behaviour of ore particles (regarded as coarse waste) obtained from a 
previous process route and also asses the benefit of applying a two process route for improved metal 
deportment. The experimental strategy used abrasion followed by single stage impact. (SSI) breakage 
was designed to investigate the effect of processing history on metal deportment.  The abrasion 
process was carried out for 4-5 hours with the fines being recovered and later assayed for Ag, Pb and 
Zn metal. The coarse reject material generated from the process was subjected to impact breakage 
using low impact energy with the progenies sized and analysed. The resulting metal deportment 
behaviour was then compared to that of non-abraded particle (fresh feed or unprocessed feed) 
breakage. 
 
The analyses of the results showed that the non-abraded particle treatment produced much better 
deportment performance after impact compared with the abraded particles despite the latter having a 
slightly higher degree of breakage. This could be attributed to most metals being removed through 
the abrasion process prior to SSI breakage. Even though the deportment behaviour of the abraded 
particle being lower than that of non-abraded, there was still evidence of marginal metal upgrade and 
improved metal downgrade in the accept and reject streams respectively. This indicates that process 
history from which coarse waste material is being generated does not limit or change the metal 
deportment properties for both ores used in these studies.  
 
Furthermore, results generated from a combined abrasion and impact breakage process also supports 
the assumption made that mineralisation existing on the surface of ore particles can be deported into 
the fines using an abrasion process. This effect was found to be magnified when the coarse material 
being generated from this process was subjected to low energy SSI breakage. The findings proves 
that for optimum deportment, the abrasion process was not sufficient to unlock most of the metal and 
a SSI only process was found to further unlock the remaining minerals. The accept stream material 
produced for the combined process was providing an upgrade up to 58% Ag, 33% Pb and 45% Zn 
with a reject material downgrade rate of 27% Ag, 15% Pb and 21% Zn.  
 
Finally, the Net smelter return (NSR, $) values obtained were found to be upgraded in the accept 
stream from feed material which was initially deemed uneconomic (NSR=$0). When the combine 
effect of abrasion and SSI (0.33 kWh/t) was compared to a SSI (0.33 kWh/t) process without abrasion, 
   112 
it was found out that the previous removal of minerals from the surface of ore particle using abrasion 
mechanism is beneficial in providing enhanced coarse gangue rejection applications. It should be 
noted that, this conclusion was drawn without taking into account the amount of energy being 
consumed during the abrasion process. Overall this chapter has supported the hypothesis that metal 
deportment behaviour and its response can be influenced by the processing history of an ore particle. 
This is highly dependent on the nature of mineralisation of the ore particles and the processing method 
being utilised.     
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Breakage characterisation of new impact tester 
Chapter 7 defines a systematic method used to characterise and analyse secondary breakage of 
progenies produced within a new impact tester. Furthermore, the chapter discusses the extent of 
secondary breakage by comparing test results obtained from breakage of particles in the new 
impact tester with and without a rubber lining. Finally, the methodology of estimating residual 
velocities of progeny from a primary impact breakage event are presented.  
7.1 Introduction  
A test methodology has been developed for the application of multiple stage impact (MSI) breakage 
via JKRBT to enhance grade by size based Grade Engineering. Results obtained showed interesting 
trends where low impact energy were utilised in a two stage impact breakage to unlock valuable 
minerals from coarse particles.  This is previously discussed in detail in Chapter 5. The opportunity 
presented by this MSI test method prompted an investigation of a breakage device which can deliver 
this form of breakage strategy (MSI) in a manner where subsequent breakage occurs swiftly after the 
initial breakage event. Unlike the MSI testing within the JKRBT where progenies of ore particles 
produced from first stage impact breakage were sized and the coarse particles subjected to another 
round of breakage in the JKRBT, the new breakage device called the “JKMRC Impact Tester”, is 
designed to deliver this form of breakage without the need for sizing and re-feeding of the coarse 
particles. The theory on which the device was developed was based on utilising single impact energy 
to produce a two-stage breakage events (primary and secondary) in quick succession.  
The principle of operation is that a spinning hammer with a predetermined velocity impacts a slow 
moving particle. Stress is induced into the particle upon coming into contact with the rigid target. 
This event is referred to as the first stage impact. When the stress induced within the particle exceed 
that of the elastic limit of the particle, the particle breaks and produces daughter particles (progeny) 
which moves away from the point of impact. The progeny are deemed to travel with a certain velocity 
referred to as the residual velocity. The residual velocity (vr) can be defined as the amount of kinetic 
energy a daughter particle attains after impact breakage of a parent particle. In the event where the 
progeny are moving with a residual velocity towards an anvil where there could be a subsequent 
breakage event if their residual velocity is sufficient to produce the minimum specific energy (exceed 
it elastic limit) for the particles to break.  
 is based on DEM simulation and illustrates primary and secondary breakage events which might be 
achieved within the JKMRC Impact Tester. The A, B and C labelling in Figure 7.1 (a) represents the 
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spinning hammer, stationary anvils on the wall of impacting zone and the ore particle (orange colour) 
respectively. This is the same for the other figures in Figure 7.1 with the only difference coming in 
ore particle being broken into smaller progenies.  
  
  
 
Figure 7.1 Illustration of primary and secondary breakage event likely to occur within the 
JKMRC Impact Tester 
It should be noted that when a parent particles survives the impact of the fast moving rigid target, the 
particle will likely be weakened by internal damage and may disintegrate upon the subsequent impact 
resulting from the residual velocity. In view of this, this chapter is aimed at measuring this so called 
residual velocity of progeny and investigate if the measured value is sufficient for subsequent impact 
and breakage. The data obtained will be important in delivering an MSI test method within this new 
device.  
(a) Primary impact between hammer and particle (b) Progenies moving toward anvil walls 
(c) Progenies impacting anvil walls (secondary 
breakage) 
(d) Secondary breakage progenies moving away 
from anvil wall 
A 
B 
C 
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7.2 Experiment  
In order to test the third hypothesis of this current study a new device called the “JKMRC Impact 
Tester” was developed. A full description of its operation is detailed in section 3.2.2. Figure 7.2 
below shows a labelled schematic diagram of the newly developed impact device used for the 
multistage impact studies. 
 
 
Figure 7.2 Schematic diagram of the newly developed JKMRC Impact Tester 
Before the main testing began, two main calibration studies were conducted. This included;  
1. Calibrating the speed of the hammer to confirm if the sensor readings were reliable. 
2. Investigating the accurate drop time for impact to occur between particle and hammer.  
 
The impact hammer in the JKMRC impact tester has a sensor which measures the speed (rpm) at a 
particular frequency (Hz) setting.  This value is displayed in the software which operates the feeding 
mechanism. To confirm the speed being detected by the sensor, a handheld tachometer was used to 
independently measure the speed of the hammer at five different frequency (Hz) settings. The result 
of the tachometer reading was found to have a very strong correlation (R2=1) with the sensor reading. 
The procedure and results are detailed in Appendix E.1.  
The feeding mechanism of the JKMRC impact tester is by releasing a particle from a predetermined 
height (50 mm). The drop time is defined as the time required for particle to drop from the initial 
position in the feeder to the position where the collision between the hammer and the particle occurs. 
Based on the drop time, software calculate at which position of the hammer the particle should be 
released to so it could be hit. The investigation of the drop time was conducted to provide the accurate 
time required for a hit to occur. The results from this investigation showed that for every set hammer 
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speed (rpm) the drop time (ms) must be established. Detailed results of this investigation is presented 
in Appendix E.2. 
7.2.1 JKMRC Impact Device Breakage Testing 
The experimental protocol designed for breakage testing with the JKMRC impact tester was set out 
to achieve two main objectives. These includes;  
1. Determination of extent of secondary breakage within the JKMRC impact tester; and  
2. Estimation of residual velocity of progenies after the primary breakage event. 
 
To achieve these objectives two experiments were conducted. This included breakage testing where 
the walls of the impact chamber had stationary anvils and the other having a rubber lining instead of 
the anvils. The rubber lining material was intended to suppress the amount of secondary breakage 
deemed to occur following the primary breakage event. Figure 7.3 (a) and (b) illustrates the schematic 
image of the anvils and rubber lining mode of testing respectively.  
          
Figure 7.3 Schematic image of (a) stationary anvils (b) and rubber lining on the walls of the 
newly developed JKMRC Impact Tester 
The experiments were conducted using two ore samples: Ore A and B, at the feed particle size of  
-22.4+19 mm. The impact velocity (v) used for testing is defined as the product of the hammer’s 
angular velocity (ω) in radians per second (rad/s) and its radius (r) in meters (m). This value was 
estimated using equation (7-1). 
v= ω × r (7-1) 
 
The highest achievable rpm, 769.23 within the device was selected as the hammer speed for the 
breakage test. This speed was found to be the highest achievable speed where sensor speed readings 
(a) (b) 
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were stable, consistent and reliable. The corresponding impact velocity at the set rpm was estimated 
as 16.10 m/s with its corresponding specific breakage energy (Ecs) being calculated as 0.036 kWh/t 
using equation (7-2), where v represent the impact velocity (16.10 ms-1).  
𝐸𝑐𝑠 [
𝑘𝑊ℎ
𝑡
] =
𝑣2
2×3600
     (7-2) 
 
Upon establishing the breakage energy at the set rpm for testing, breakage experiments were 
performed using the -22.4+19 mm size fraction of Ore A and Ore B respectively. Since the two ore 
samples are of different hardness (section 3.4) its makes them suitable for testing because a distinct 
difference and variability will be exhibited in the breakage results.   
For each testing 100 particles were broken separately at an impact energy of 0.036 kWh/t using the 
JKMRC impact tester. The test was repeated twice and once for Ore A and Ore B tests respectively. 
The testing conditions are summarised in Table 7.1. 
Table 7.1 Parameters used for testing new device breakage characterisation 
Ore 
Type 
Size 
(mm) 
No. of 
particles 
Hammer 
speed (rpm) 
Impact 
velocity (ms-1) 
Ecs 
(kWh/t) 
No. of 
test 
Ore A -22.4+19 100 769.23 16.10 0.036 3 
Ore B -22.4+19 100 769.23 16.10 0.036 2 
 
Each particle was broken individually in the impact tester. After the particle has been placed in the 
feed hopper, the drop time corresponding to the test rpm is set and this automatically estimates where 
the hammer position will need to be before the drop sequence is initiated. At the end of the countdown, 
the feeder’s flaps engages and releases the particle down the feed channel. The particle falls freely 
with gravity (g=9.81m/s2) and is impacted by the hammer upon reaching the impact zone. The 
particles are broken and produces progenies that move towards the stationary anvils to produce 
secondary breakage. The resultant product then falls into the collection chamber that is directly 
beneath the impact chamber (made of rubber to prevent subsequent breakage).  
The product obtained were transferred from the collection chamber of the device and size analysis 
conducted using a √2 sieve series. The above experiment was then repeated for Ore B. Due to limited 
sample availability for Ore B sample, only two sets of 100 particle in the size range -22.4+19 mm 
were tested instead of three sets as used in Ore A. A Photon high speed camera, model FASTCAM-
512PCI was setup to record the breakage event through the viewing window at a frame rate of 2000 
frames per second. This was to assist in analysing the primary breakage events and to estimate the 
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residual velocities of the progenies. Figure 7.4 shows the setup of the high speed camera during the 
breakage event.  
                                     
Figure 7.4 Setup of high speed camera during impact breakage event within the JKMRC 
Impact Tester 
 
The extent of secondary breakage was then evaluated by undertaking a second stream of impact 
breakage testing. In this testing the anvils on the impact chamber walls (where secondary breakage is 
deemed to occur) of the device were removed and replaced by a rubber lining. The experiment was 
then conducted using similar ore types, size ranges, number of particles, device parameters (as in 
Table 7.1) and method as per the previous test.  The breakage product was also sized and analysed 
in the same manner as the previous test.  The size distribution for the two equivalent experiments 
were then measured to estimate the extent of secondary breakage.  
7.3 Results and Discussion  
7.3.1 Extent of secondary breakage  
A specific breakage energy level of 0.036 kWh/t was used in the impact testing. The products were 
sized and the product size distribution data generated. Figure 7.5 shows the size distribution of Ore 
A and Ore B, -22.4+19 mm size fraction tested for the anvil and rubber lining test procedure.   
 
FASTCAM 
high speed 
camera 
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Figure 7.5 Particle size distribution of obtained from anvil and rubber lining mode of testing 
 
The product size distribution obtained from the test involving anvil on the impact chamber walls 
indicates that much more fines generation is produced as compared with the rubber lining mode of 
testing. Despite the distinct difference in their size distribution curves there was still the need to assess 
the various breakage degree, t10 to estimate the extent of breakage for these cases. The t10 values for 
the feed size tested (-22.4+19 mm) was estimated using a cubic spline function. At the low energy 
level testing was conducted, the t10 is expected to be almost exactly proportional to the specific input 
energy. The results obtained for each ore tested for the respective mode of testing were averaged with 
their respective confidence intervals being established. The resulting values are represented in a bar 
chart in Figure 7.6. As observed the t10 values generated from the breakage test with the test involving 
anvil produced higher t10 values for both ores tested compared to the rubber lining mode. 
 
Figure 7.6 Average t10 values (%) of JKMRC Impact Tester breakage products 
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Table 7.2 and Table 7.3 below details the results of the t-test analysis conducted for the averaged t10  
values obtained for anvil and rubber lining testing of Ore A and Ore B respectively.  
Table 7.2 Summary of statistical analysis results for average t10 for anvil and rubber lining 
testing of Ore A 
 
 
Table 7.3 Summary of statistical analysis results for average t10 for anvil and rubber lining 
testing of Ore A 
 
The t-test results showed a 99% (p=0.01) and 96% (p=0.04) confidence that a real difference in t10 
values exist between testing involving anvil and rubber lining for Ore A and Ore B testing 
respectively. The difference in degree of breakage that exist between the two modes of testing was 
found to be between 2.6±0.9% at 95% confidence level for Ore A testing (Table 7.2) and 2.4±2% at 
95% confidence level for Ore B testing (Table 7.3). The large difference between the degrees of 
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breakage observed can be attributed to the additional breakage that is deemed to occur on the walls 
during the test involving anvils. The resulting finer PSD product and higher t10 value obtained for test 
involving anvils clearly provides the basis for secondary breakage investigations carried out in this 
chapter. The extent of secondary breakage can be seen from the estimated differences obtained from 
the statistical analysis of the t10 values. This indicates that additional breakage occurs within the test 
involving anvils on the impact chamber walls. With the resulting findings it’s therefore important to 
measure this residual velocity to assess its ability to generate secondary impact breakage and to 
confirm that the difference in t10 is not caused by some other effect.    
7.3.2 Residual velocity (vr) estimation  
After particles collides with the rotating hammer to provide the primary breakage of the parent 
particles, the progenies generated move towards the walls of the impacting chamber. Upon reaching 
the walls of the impacting chamber (stator or anvil) they might experience further breakage after 
collision with the walls. Two forms of impact breakage are observed in these breakage events. This 
includes the suspended particle being struck by a moving object (hammer), representing primary 
breakage and the generated progeny particles being propelled against a static target (anvil) described 
as the secondary form of breakage. The particles are propelled against the anvil with a velocity 
attained from the primary impact. This velocity referred to as the residual velocity is measured in this 
current thesis by analysing the video recorded with a high-speed camera during the main tests 
undertaken in the JKMRC Impact Tester. The video analysis involved tracking the trajectory of 
progenies produced from the primary breakage. The tracking procedure was undertaken using a video 
analysis and modelling tool known as Tracker 5.1.3 (Softpedia®, 2020). The steps utilised in 
analysing the video scripts are detailed in Appendix E.3. As an example, Figure 7.7  shows the 
trajectory of a particle being tracked.  
 
Figure 7.7 Trajectory of ore progenies observed during particle tracking 
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The analysis method was conducted for thirteen video scripts. For each video analysis, three different 
particles were measured. This was done to provide statistically reliable tracking result. For each 
tracked particle the resulting velocity is deduced from a distance time graph. An average velocity was 
calculated from the three set of tracking results and their respective specific energy also calculated 
using equation (7-2). The results of each estimated residual velocity is presented in appendix with the 
average and the calculated specific energy presented in Table 7.4.  
Table 7.4 Measured residual velocity of progeny produced from primary breakage events at 
an input velocity of 16.10 m/s  
Sample 
Residual velocity of progeny (m/s) Specific Energy, Ecs 
(kWh/t) Average CI (95%) 
1 10.48 0.09 0.015 
2 12.23 0.40 0.021 
3 11.38 0.76 0.018 
4 10.67 0.37 0.016 
5 12.02 1.62 0.020 
6 15.10 0.25 0.032 
7 10.49 0.28 0.015 
8 13.54 0.61 0.025 
9 11.17 0.71 0.017 
10 11.25 0.36 0.018 
11 13.31 1.12 0.025 
12 12.25 0.48 0.021 
13 12.13 0.35 0.020 
 
The residual velocity measured from the video analysis showed that progenies generated from the 
primary breakage event between the hammer and the particle attained velocities ranging between 
10.48 m/s to 15.10 m/s. Statistical confidence obtained for the three different tracking results for each 
video analysed showed very small error existing between each tracking result. Each resulting average 
residual velocity was converted into their equivalent specific energy using equation (7-2). Specific 
energies ranging between 0.015 and 0.032 kWh/t were recorded for all thirteen videos analysed. 
These estimated energies were found to be about 42% to 88% of the primary specific impact energy 
(0.036 kWh/t).  
 
The high proportion of energy being attained by the progenies was found to be evident with the high 
extent of breakage observed in breakage test involving anvils where its t10 was much higher than that 
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of rubber lining  breakage test work. The extent of secondary breakage observed provides clear 
evidence of the role being played by the residual velocity attained by the progenies resulting from the 
primary impact breakage. This proves that during a primary breakage event within the JKMRC 
Impact Tester, the initial applied breakage energy can generate progenies possessing sufficient energy 
which can result in secondary breakage. With results in Chapter 5 showing that two stage impact 
breakage utilising low energy is beneficial for coarse gangue cleaning, this new device present the 
perfect opportunity of delivering metal deporment through multi-stage impact breakage where energy 
for a second stage breakage is attained from the resulting progenies of the primary breakage event. 
The added advantage is after primary breakage there would be no screening and recycling of the 
coarse material for subsequent breakage. This could contribute to more efficient energy utilisation in 
coarse gangue rejection Grade EngineeringTM applications.         
 
7.3.3 Prediction of secondary stage impact breakage using JKSimMet based t10 model 
 
As mentioned earlier in the literature review chapter, impact breakage involving particle propelling 
against an anvil produces progenies which tend to rebound against the moving rotor propelling the 
particle. This was observed both in the RBT impact breakage device (Da Cunha, et al., 2018) and the 
VSI (Lindqvist, 2008). The effect of this action is coarse particles turn to attain energy and cause 
further breakage (Shi et al., 2009). The breakage testing within the newly developed device was also 
found to exhibit this similar effect. This was expected since the form of breakage is the opposite of 
the RBT and the VSI but applies the same principle. Slow particle is struck by a fast moving hammer 
and the resulting progenies turn to move and impact a stationary anvil. The resulting progenies from 
the second impact thus form the stationary anvil has the potential to bounce back and get impacted 
the fast moving hammer again. This observation was made during the analysis of some of the video 
recordings in section 7.3.2 and was found to also have a potential contribution to the extent of 
secondary breakage measured in 7.3.1. Due to this, there was a need to model the breakage results 
obtained from the JKMRC Impact Tester testings using the JKSimMet based t10 model and comparing 
the results to the experimental results. This will provide an evaluation on the effect of bouncing 
particles being hit by moving hammer. 
 
The JKSimMet based t10 model (previously JKSimMet size degradation model) is used for breakage 
testing data reduction and simulation where known breakage parameters (A and b) and specific 
energy (Ecs) are used to calculate t10 which was used with the appearance function to predict a possible 
particle size distributions from an initial size fraction.  
In simulating the breakage observed in the JKMRC Impact Tester, the following set of information 
and parameters were applied; 
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1. The A and b parameters of the initial size fraction -22.4+19 mm of Ore A and Ore B were 
estimated from the JKRBT characterisation. Table 7.5 below shows the result of the A and b 
values calculated for both ores.   
 
Table 7.5 A and b values of both Ore A and Ore B with size fraction -22.4+19 mm 
Ore Sample A b Axb 
Ore A 69.40 0.74 51.6 
Ore B 81.00 0.55 44.2 
 
2. Individually calculated values of the t10 using the A and b values together with energy for first 
breakage (1st hit) and some material is broken again using the same breakage energy 
respectively. From this value the appearance function for Ore A and B are estimated. Table 
7.6 below shows the result of appearance function estimated for both ores.  
 
Table 7.6 Appearance function for both Ore A and Ore B size fraction -22.4+19 mm 
Ore A 
Values of t10 T75 T50 T25 T4 T2 
10 3.369 4.096 5.662 19.185 41.199 
20 6.618 8.152 11.544 37.070 67.418 
30 10.047 12.468 17.826 53.115 82.257 
Ore B 
Values of t10 T75 T50 T25 T4 T2 
10 3.486 4.222 5.870 21.031 44.187 
20 6.572 8.144 11.740 39.318 69.474 
30 9.678 12.126 17.910 54.837 81.261 
 
3. The probability of particles bouncing back and being struck by hammer was estimated as the 
number of observation made from the total number of video analysed. It was observed that 
approximately 15% of particles bounce and get hit by the hammer for the second time. 
 
Figure 7.8 shows the simulation flow diagram for both no anvils (rubber lining) and with anvils 
breakage within the JKMRC Impact tester. For each simulation ore particle two set of simulation was 
carried out as that of the experimental. These were conducting simulation with anvils and without 
anvils (represents rubber lining in experimental). From the first sim result using the experimental Ecs 
of 0.036kWh/t, more breakage was generated after the first hit then that measured from the 
experimental. Due to this subsequent simulations utilised lesser Ecs (0.02 kWh/t) which fitted well 
with the experimental breakage data.  
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a.  
 
b.  
 
Figure 7.8 Simulation flow diagram for conducting breakage prediction without anvils (a) and 
with anvils (b) 
 
From Figure 7.8 a. feed samples are fed to the impact device with an initial breakage occurring by 
the impact of the spinning hammer (first breakage). The mass split of about 15% was assumed to be 
broken by the hammer and reports into final product. The remaining mass split (85%) moves towards 
the stationary anvil. Since it was made of rubber lining no breakage occurred after the impacting of 
the progenies. In the simulation of breakage with the condition of stationary anvils (Figure 7.8 b.), 
the first breakage event was similar to that of no anvil simulation process with the difference coming 
after the mass split after the first breakage. The flow diagram for simulation with anvils (Figure 7.8 
b.) indicated that after 15% material broken, 85% remaining material was assumed to impact the 
stationary anvil to cause secondary breakage using 70% retained energy from initial energy. It should 
be noted that all other measured residual velocity which was ranging between 42% and 88% of the 
initial input energy were utilised. The 70% retained energy reported from the simulation was found 
to fit the experimental data best.  
 
From the breakage caused by the anvils, 50% of progenies are assumed to rebound back into the path 
of the hammer to cause additional breakage from the hammer input energy and move towards the 
stationary anvil for fourth breakage. For each condition simulated, the breakage data was redacted 
and compared with that of the experimental size distribution breakage data. Figure 7.9 and Figure 
Feed 
Hammer 
impact (1st Hit) 
Hammer impact 
(2nd Hit) 
 
Final Product  
Feed 
Hammer 
impact (1st hit) 
Hammer impact 
(2nd hit) 
85% split  
Anvil impact 
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Anvil impact 
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7.10 shows the comparison between the simulated and experimental breakage data for both no anvil 
and with anvil test conditions respectively.  
 
 
Figure 7.9 Simulated versus experimental impact breakage product distribution from test 
condition involving no anvils 
 
 
Figure 7.10 Simulated and experimental impact breakage product distribution from test 
condition involving anvils 
 
 
From Figure 7.9 and Figure 7.10 a 90% confidence interval calculated from three and two 
experimental repeats of Ore A and Ore B respectively were assigned to the individual experimental 
breakage data. The results from the Figure 7.9 shows that the impact breakage product from both 
simulated and experimental no anvil testing were in much better agreement especially for Ore type A 
breakage as compared to Ore B. This observation was found to be similar for the test conditions 
involving anvils (Figure 7.10). From both results the t10 values were estimated and these were plot 
against each other with line x=y fitted. The plot obtained is shown in Figure 7.11.   
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Figure 7.11 Plot of predicted versus measured t10 values from simulated and experimental 
impact breakage data respectively  
 
The figure show a good prediction of the JKMRC impact tester breakage behaviour. Three point out 
of four was found to have approximately 1:1 ratio with only Ore B with anvils recording 
approximately 2:1 ratio. At these small t10’s produced, there is likely enough energy for larger 
progeny to bounce back into the path of the hammer. This implies the extent of secondary breakage 
measured in the experimental testing of the JKMRC impact tester can as well be describe as bouncing 
of coarser particle from the anvils after impact breakage into the path of the spinning hammer to cause 
additional breakage. From the simulation results it was found that the differences in t10 values 
observed for experimental testing involving anvils and no anvils (rubber lining) were not only caused 
by the breakage on the anvils (as previously stated under section 7.3.1), but also due to the additional 
breakage provided by the spinning hammer.    
7.4 Conclusion  
This chapter introduces a new laboratory breakage device which is designed to provide multistage 
impact breakage. The principle of operation is based on an impact breakage event where rigid targets 
moving at a predetermined speed hits a slow moving particle with the resulting progenies directed 
towards a stationary anvil. Being a new device, calibration tests were conducted to investigate its 
performance and to determine parameters for the main test work. Two main parameters were 
estimated, breakage degree (t10) and residual velocity.  
The resulting energy calculated from the measured residual velocities of the progenies indicates that 
about 42-88% of the specific breakage energy is retained for additional breakage. The difference in 
t10 between the anvil and rubber lining test showed that the specific energy of the resulting progenies 
were sufficient to generate a subsequent breakage event for test involving anvils on the impact 
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chambers’ wall. The breakage behaviour observed within the new breakage device indicates that the 
device can be used in multiple stage selective impact breakage applications where particles retain 
energy which results in secondary breakage. 
Simulation results further showed that, there is a probability that particle bounce back from the anvil 
into the path of hammer to produce subsequent impact breakage with additional input energy. It is 
recommended that in future testing, higher speed cameras should be installed at different angles to 
capture the breakage event. This will provide addition data for analysing the additional breakage 
observed from the hammer. Despite this resulting findings, the newly developed JKMRC impact 
tester has the potential to contribute to improved energy utilisation during ore selective comminution. 
In summary, this chapter has demonstrated application of residual velocity to achieve secondary 
breakage and the potential Grade Engineering TM benefits which could be achieved. 
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Conclusions and recommendations for future work 
Chapter 8 recapitulates the findings pertaining to the developed metal deportment studies and data 
analysis of secondary impact breakage events. Recommendations in which the outcomes of this 
work can be carried on to a different level are made with suggestions of future work that could 
optimise and further improve the current outcomes and apply it to real time mineral process route. 
8.1 Overview 
One of the main challenges in the mining industry is the depletion of existing high grade ore deposits. 
This challenge has been in the spotlight for decades due to population growth which has led to high 
demand for metals and its products. The mining industry has been put under substantial pressure to 
meet this demand. In doing so, there has been a significant increase in exploration of minerals and 
large increase in plant throughputs to meet production targets. This has led to treatment of low feed 
grades resulting in increased energy utilisation and production costs on a per unit metal basis. Since 
there is fluctuations in metal prices, the volatility in revenue generated from metal sales occasionally 
results in just break-even or making a loss due to the high operating cost. This has become more 
evident in the current market cycle and therefore threatens mine productivity. 
Research and development in the last decades have highlighted the potential of utilising various 
solution pathways to provide a step change in ore processing to counteract the high energy 
consumption and metal production cost. Among these solutions, the CRC ORE’s Grade Engineering 
TM application has been identified to improve feed grade through early coarse gangue rejection prior 
to energy intensive comminution process by utilising five levers that they identified. The context of 
the current research focuses mainly on the preferential grade by size deportment based Grade 
Engineering TM lever. This lever exploit the inherent selective breakage properties of ore material to 
affect separation.  
Although the preferential grade by size deportment based Grade Engineering TM method has been 
demonstrated to provide results in various small and large scale plant trials undertaken by the CRC 
ORE, it has been identified that the current breakage device utilised i.e. Jaw Crusher, may not be the 
most optimum to influence selective breakage.  The jaw crusher is considered to provide less selective 
breakage since the breakage energy is not evenly dissipated during ore breakage. This was evident 
when coarse reject materials where still found to contain appreciable amounts of the metals of interest. 
Extensive review of literature, indicated that the use of a precise impact breakage mechanisms can 
enhance metal deportment into the fines and multiple stages of this form of breakage has the potential 
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to magnify the overall outcomes of current Grade Engineering TM applications. This form of breakage 
was found not only crucial for Grade Engineering TM but also relevant in the emerging concept of 
Waste Engineering, where interest is being placed on producing clean coarse gangue material as well 
as treatment of mineralised waste stockpile or processing waste dump materials.  These two concept 
led to the development of three main questions to be answered for the current research. These 
questions included: 
1. Can the utilisation of low impact energy be used in multistage precise impact breakage to 
gradually unlock the remaining metal of interest in the coarse reject material and produce 
much cleaner gangue material to be rejected to waste? 
2. To what extent does the process history of a particle influence selective breakage of ore 
particles? 
3. Can the residual velocity of a progeny produced from a single impact breakage be sufficient 
to generate a secondary breakage which could mimic the multistage impact breakage used in 
the first research question? 
It is considered that these three questions have been answered on the bases of outcomes presented in 
Chapters 4 to 7. In answering the first question preliminary work was undertaken using a copper ore 
sample with known hardness but no prior knowledge of its deportment properties. This ore was used 
to test the first hypotheses as the project awaits the arrival of the main ore samples for this current 
study. Two mode of breakage i.e. Single Stage Impact (SSI) and Multiple Stage Impact (MSI) 
breakage methods were conducted within the precise impact breakage device, the JKRBT. Resulting 
grade by size deportment behaviour showed that the ore utilised were not amenable to preferential 
metal deportment. Despite the poor results observed, two key issues were identified. This included 
high error propagation due to small sample size tested and also the high amount of material reporting 
into the middlings fraction of the MSI test product. The latter was due to the fact that only the coarsest 
end products were recycled back into the subsequent breakage cycles.        
The issues encountered in the preliminary studies were addressed using the main ore samples (Ore A 
& Ore B).  These ores were two low grade Ag, Pb and Zn ores from the same mine but obtained from 
two different locations. Prior to testing, initial characterisation studies were conducted for the as-
received samples. This was to establish the breakage characteristics and also the natural preferential 
deportment behaviour of the bulk sample. The characterisation showed a distinct difference between 
the two ore samples where the softer ore sample was found to exhibit a much better deportment 
behaviour than the harder ore sample.  Since ore heterogeneity is an influencing factor in preferential 
grade by size deportment, the differences observed in both hardness and deportment behaviour 
indicates that the ore samples selected are ideal candidates for testing in this current work. 
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Upon determining the characteristics of the ore samples, a process for establishing the minimum 
quantity of ore sample required for laboratory scale JKRBT grade by size metal deportment study 
was undertaken. This was carried out to minimize the error associated with the JKRBT deportment 
studies.  The outcome of the work showed that the grade of Ag metal was the most variable. To attain 
a statistically consistent and reliable results a larger amount of samples were required to be tested. As 
expected, the number of particles required was found to be dependent on the size fraction. The smaller 
size fractions tested requires much higher number of particles tested as compared to the larger 
particles.  
Following the previous study an extensive grade by size deportment study was conducted using the 
two Ag, Pb and Zn ore samples. Two new MSI i.e. MSI-N (narrow fraction re-broken) and MSI-W 
(wide size fraction re-broken) approaches where developed. The methods were used in conjunction 
with the SSI breakage method for testing of the ore samples within the JKRBT. The results from 
testing demonstrated that for each breakage method utilised, low impact breakage energy produced a 
better deportment behaviour. The finding clearly highlights the point that metal deportment became 
energy dependent. Furthermore, it was also observed that different size fractions tested showed some 
degree of size dependency as some of the deportment curves where found to be different from other 
size fractions. A comparison of both MSI methods utilised, found that both methods do not provide 
statistically significant difference in the metal deportment behaviour of the ores tested. Thus, the 
MSI-W was suggested to be utilised in subsequent testing since it is much more feasible as it is a less 
cumbersome and time consuming process. Finally, a comparison of the MSI testing and its equivalent 
SSI breakage method, demonstrated that the coarse gangue rejection was much improved in the MSI 
testing process. Therefore, this newly developed MSI method for preferential breakage metal 
deportment is a prime candidate for coarse gangue cleaning applications. The development of 
multiple stage particle breakage and its effect on metal deportment behaviour for two types of ore 
using the JKRBT provides credence for the first hypothesis of this project which was “Multiple stage 
selective precise impact breakage contributes to improved mineral deportment which can lead to 
coarse gangue rejection”. 
The effect of processing history of an ore on deportment behaviour was evaluated using the concept 
of the JKRBT treating unprocessed and processed ore samples. In this regard, coarse reject material 
were obtained from a previous abrasion process involving the same ore types used in this thesis. This 
material was consequently subjected to JKRBT deportment studies using a low energy single stage 
impact (SSI) breakage method. The results were compared with that achieved from SSI breakage 
method of a similar ore sample without undergoing a prior abrasion process. The results indicated 
that prior processing history did affect the deportment behaviour of the previously abraded ore 
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particles. This was because surface mineralisation was thought to have been previously removed by 
the abrasion process. Since the breakage of material obtained from the abrasion process still 
demonstrated evidence of further mineral deportment, the combined effect of abrasion plus low 
energy impact breakage had a positive effect. The resulting deportment behaviour was compared to 
that of only low energy SSI breakage and in most metal deportment scenarios, the combine processing 
method of abrasion and SSI produced much better coarse gangue rejection results. This was evident 
from the low grades and price value for the coarse reject material produced from the combined 
process. Therefore, this finding further proves the second hypotheses of this thesis which states that 
“Selective precise breakage is influenced by the processing history of the ore particle”.         
An investigation into multistage impact breakage utilising residual velocity was carried out in a newly 
developed JKMRC Impact Tester. This device was developed to mimic the MSI testing procedure 
but with only a single energy input. Breakage characterisation was examined under impact 
mechanism and it was found that the product size distributions were statistically different for test 
involving anvils and rubber lining on the walls of the JKMRC Impact Tester. The aim of these 
experiments is to isolate the effect of secondary breakage.  Results showed that more breakage was 
observed with the anvils as compared to the rubber lined walls. High speed video filming provided 
further detailed insight into the breakage of the two ore types used in the study. The videos allowed 
the manner in which breakage occurred to be observed as well as allowed the measurement of the 
velocities of the progenies after the primary impact. The results indicate that the residual velocities 
of the progenies were between 10.48-15.10 m/s which translates to a specific energy of 0.015-0.032 
kWh/t. This was found to be approximately 42-88% of the original supplied breakage energy (0.036 
kWh/t) and is sufficient to cause secondary breakage. This serves as confirmation of the third thesis 
hypothesis which states that “After impact breakage caused by the interaction of a slow moving 
particle and a high speed anvil, the residual velocity of the progeny may be used to generate a second 
stage breakage without the addition of further energy”. 
8.2 Conclusions  
1. A new multiple stage impact breakage approach utilising low impact energy provides higher 
metal downgrade in the coarse product while decreasing the metal upgrade ratio of the fine 
products due to increase in mass pull. Despite the decreasing upgrade ratio, the deportment 
performance was still acceptable and can be used incrementally for coarse material cleaning 
applications.  
2. The selective precise impact breakage was limited by the processing history of an ore particle. 
But combining two processing approach in the treatment of ore samples was found to be 
beneficial in unlocking additional value and producing low value reject material.  
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3. A new impact tester has been developed (JKMRC Impact Tester). In this device, residual 
velocities of progenies can be retained and has sufficient velocity to generate secondary 
breakage. This device will be beneficial in delivery of multiple stage impact breakage 
preferential metal deportment.  
8.3 Recommendations for future work  
To further advance the current work, magnify the current outcomes and apply it to real time mineral 
process routes, the following recommendations are put forth for future work: 
1. Multiple stage impact breakage using wide size fractions being broken in subsequent stages 
can be used as an alternative to the narrow size method. This can allow the testing of three or 
more breakage stages using Ecs below t10 of 15% in subsequent breakage events. Results of 
this work could establish the threshold at which coarse cleaning may be no longer effective.  
2. Development of an experimental design that could establish the mineralogical link of ore 
material to precise impact breakage metal deportment performances. This could provide 
important findings where upon combing the mineralogical and breakage characteristics an 
“optimum or sweet spot” breakage energy can be determined. 
3. Examine the potential of sequential abrasion and impact breakage testing in selective 
comminution applications. This experimental study should study short abrasion residence 
time and low energy repetitive impact breakage test. Results can be useful in AG mill 
modelling for selective comminution.  
4. Develop and upgrade the speed sensor to measure higher rotor speed and also incorporate 
vacuum conditions in the JKMRC Impact Tester. The new sensor could allow breakage testing 
within the device using higher rpms (higher energies) and the vacuum conditions within the 
impacting chamber could help reduce the effect of air streams during breakage events. 
5. Investigate the potential of utilising the newly developed JKMRC Impact Tester for ore 
breakage characterisation where different size fractions are tested using different energy 
levels. The results from this testing could be modelled using the current JKMRC size 
dependent breakage model. Furthermore, the findings could be applied to predict multistage 
impact breakage.  
6. Development of laboratory scale testing protocols for grade by size metal deportment based 
Grade Engineering TM utilising the JKMRC Impact Tester. This could provide ore ranking 
results which demonstrate the metal deportment behaviour. Moreover, the results could be 
compared with metal deportment behaviour exhibited by multiple stage impact breakage 
treatment.       
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Appendix A 
Appendix A.1 
Grade by Size Assay of As Received Bulk Sample 
 Table A1. Grade of metal in each size group for both Ore A and B 
Size 
(mm) 
Ore A Ore B 
Ag(ppm) Pb (%) Zn (%) Ag(ppm) Pb (%) Zn (%) 
+75 8 0.121 0.196 6 0.072 0.286 
+53 9 0.108 0.192 8 0.082 0.306 
+45 13 0.105 0.172 6 0.087 0.260 
+37.5 9 0.095 0.148 11 0.111 0.448 
+31.5 11 0.118 0.168 13 0.114 0.375 
+26.5 10 0.117 0.184 7 0.103 0.390 
+22.4 11 0.101 0.160 6 0.086 0.282 
+19 11 0.137 0.191 15 0.117 0.430 
+16 11 0.117 0.253 12 0.108 0.355 
+13.2 18 0.140 0.251 11 0.094 0.211 
+11.2 10 0.137 0.233 13 0.125 0.368 
+6.7 23 0.152 0.325 11 0.115 0.429 
-6.7 69 0.671 1.260 21 0.214 0.790 
 
Appendix A.2  
Rock Characterisation Input Parameters 
 Table A2. Parameters used for Ore A and Ore B Breakage Characterisation 
Size 
(mm) 
RPM  Ecs 
(kWh/t) 
No. 
Particles 
Initial Mass (g) 
Ore A Ore B 
45 x 37.5 
938 0.10 15 1589.4 1820.8 
1409 0.25 15 1673.8 1940.8 
1736 0.40 15 1736.3 1839.0 
2607 1.00 15 1475.6 1640.0 
3916 2.50 15 1550.0 1828.7 
31.5 x 26.5 
959 0.10 30 1247.2 1291.3 
1441 0.25 30 1104.9 1472.0 
1775 0.40 30 1181.0 1221.6 
2666 1.00 30 1129.1 1127.3 
4004 2.50 30 1090.6 1268.8 
22.4 x 19 
974 0.10 40 479.9 553.0 
1463 0.25 40 514.7 562.0 
1803 0.40 40 547.5 525.8 
2707 1.00 40 561.3 606.8 
4066 2.50 40 474.9 571.7 
16 x 13.2 
986 0.10 40 184.7 207.4 
1480 0.25 40 208.8 202.7 
1824 0.40 40 181.8 202.9 
2739 1.00 40 194.7 195.1 
4114 2.50 40 202.7 210.0 
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Particle size distribution of Ore A after characterisation 
 
Figure A1. Particle size distribution produce from four size fraction of Ore A with each 
broken individual with five breakage energies 
 
Particle size distribution of Ore B after characterisation 
 
Figure A2. Particle size distributions produced from four size fraction of Ore B with each 
broken individual with five breakage energies  
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Appendix B 
Appendix B.1 
Grade by size result attained across MSI and SSI of Ore 1 (-45+37.5 mm) tested 
Table B1. Summarised upgrade and downgrade attained from MSI and SSI 
Breakage 
Process 
Energy 
(kWh/t) 
Size Fraction 
(mm) 
Grade RF 
Upgrade/ 
Downgrade (%) 
MSI Hit  1 0.105 
+13.2 0.400 0.98 -2.13 
-13.2+6.7 0.428 1.05 4.66 
-6.7 0.465 1.14 13.76 
Total 0.409   
MSI Hit  2 0.21 
+13.2 0.389 0.95 -4.85 
-13.2+6.7 0.431 1.05 5.41 
-6.7 0.466 1.14 13.90 
Total 0.409   
MSI Hit  3 0.315 
+13.2 0.377 0.92 -7.86 
-13.2+6.7 0.428 1.05 4.63 
-6.7 0.463 1.13 13.22 
Total 0.409   
MSI Hit  4 0.42 
+13.2 0.364 0.89 -11.03 
-13.2+6.7 0.426 1.04 4.10 
-6.7 0.460 1.12 12.48 
Total 0.409   
SSI 0.21 
+13.2 0.305 0.93 -7.37 
-13.2+6.7 0.359 1.09 9.07 
-6.7 0.413 1.25 25.42 
Total 0.329   
SSI 0.42 
+13.2 0.298 0.90 -9.77 
-13.2+6.7 0.360 1.09 8.74 
-6.7 0.374 1.13 13.24 
Total 0.331   
 
Appendix B.2  
Response Ranking curves obtained for MSI and SSI breakage of Ore 1 (-45+37.5 mm) with highest 
achievable response ranking of RR=23 and the lowest RR=10  
 
Figure B1. Graph showing the Cu RR curve for ore sample Ore 1 testing  
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Appendix C 
Appendix C.1 
 
 Assay by size for as received Ore A and Ore B 
Table C1. Summary metal recovery across each size fraction for as received Ore A and Ore B 
 
Appendix C.2 
Particle size distribution for product from reproducibility studies of Ore A and Ore B 
 
Figure C1. Individual particle size distribution produced from the minimum sample seize 
requirement studies  
Size 
Ore A Ore B 
%Mass Ag (%) Pb (%) Zn (%) %Mass Ag (%) Pb (%) Zn (%) 
+75 4.34 1.43 2.20 1.96 8.61 5.46 6.18 6.86 
+53 20.42 7.59 9.25 9.05 33.17 28.04 27.10 28.28 
+45 10.42 5.59 4.59 4.14 14.31 9.07 12.40 10.37 
+37.5 7.71 2.84 3.06 2.64 8.88 10.00 9.86 11.08 
+31.5 6.36 2.89 3.15 2.47 6.22 8.54 7.06 6.50 
+26.5 5.25 2.16 2.57 2.23 5.16 4.07 5.29 5.60 
+22.4 5.29 2.40 2.24 1.95 3.51 2.22 3.00 2.75 
+19 2.68 1.17 1.54 1.18 3.74 5.99 4.36 4.48 
+16 3.65 1.66 1.79 2.13 2.48 3.15 2.67 2.46 
+13.2 2.73 1.98 1.60 1.58 1.99 2.39 1.87 1.17 
+11.2 2.60 1.07 1.50 1.40 1.78 2.44 2.22 1.82 
+6.7 6.36 6.04 4.05 4.77 3.74 4.35 4.29 4.48 
-6.7 22.18 63.19 62.45 64.50 6.42 14.26 13.70 14.14 
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Appendix C.3 
CoV [%] of t10 versus number of particles  
 
Figure C2. CoV (%) values showing how t10 varied to number of particles tested for -45+37.5 
mm and -22.4+19 mm of both Ore A and Ore B 
Appendix C.4 
CoV [%] of Pb and Zn feed grade, recovery in fines and coarse versus number of particles   
 
     
 
 
Figure C3. CoV [%] of feed grade, Ag recovery in fines and coarse versus number of particles 
for -45+37.5 mm (Ore A and Ore B) and -22.4+19 mm (Ore B)  
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Appendix C.5 
Rotor recalculated speed for second stage MSI-N breakage of Ore A (45+3.7 mm) and Ore B (-
45+3.7 mm and -22.4+19 mm). 
Table C2. Summary of rotor speed recalculated for second stage MSI-N breakage testing 
Size (mm) 
Rotor Speed (rpm) 
Ore A Ore B 
-37.5+31.5 1569 1613 
-31.5+26.5 1585 1630 
-26.5+22.4 1599 1644 
-22.4+19 1610 1655 
-19+16 1620 1665 
-16+13.2 1629 1674 
-13.2+11.2 1636 1682 
-11.2+9.5 1642 1688 
-9.5+8.0 1647 1693 
-8.0+6.7 1651 1698 
-6.7+5.6 1655 1702 
-5.6+4.75 1658 1705 
-4.75+4.0 1661 1708 
-4.0+2.0  1713 
 
Note cut size for -45+37.5 mm and -22.4+19 mm size fraction tested is the approximated t10 sieve 
sizes 4 mm and 2 mm respectively.  
 
Appendix C.6 
Rotor recalculated speed for second stage MSI-W breakage of Ore A (45+3.7 mm) and Ore B (-
45+3.7 mm and -22.4+19 mm) 
Table C3. Summary of rotor speed recalculated for second stage MSI-N breakage testing 
Feed Size 
(mm) 
Recycled Size 
(mm) 
Rotor Speed (rpm) 
Ore A Ore B 
-45+37.5 
-45+22.4 1577 1621 
-22.4+8.0 1632 1678 
-8.0+4.0 1657 1703 
-22.4+19 
-22.4+9.5 - 1674 
-9.5+4 - 1702 
-4.0+2.0 - 1713 
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Appendix C.7 
Particle size distribution generated from single stage impact (SSI) breakage testing 
   
 
Figure C4. Particle size distribution produced from SSI breakage metal deportment studies 
 
Appendix C.8 
Metal deportment of Ag and Pb produced from SSI impact breakage of Ore A -45+37.5 mm 
 
 
a. Recovery-mass pull curve                              b. Grade-mass pull curve 
Figure C5. SSI Ag deportment behaviour of Ore A (-45+37.5 mm) 
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Recovery-mass pull curve                              b. Grade-mass pull curve 
Figure C6. SSI Pb deportment behaviour of Ore A (-45+37.5 mm) 
Response ranking curves of Ag and Pb produced from SSI impact breakage of Ore A -45+37.5 mm 
    
Figure C7. SSI Ag and Pb response ranking (RR) curves (-45+37.5 mm) 
 
Appendix C.9 
Metal deportment of Ag and Pb produced from SSI impact breakage of Ore B -45+37.5 mm 
 
Recovery-mass pull curve                              b. Grade-mass pull curve 
Figure C8. SSI Ag deportment behaviour of Ore B (-45+37.5 mm) 
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Recovery-mass pull curve                              b. Grade-mass pull curve 
Figure C9. SSI Pb deportment behaviour of Ore B (-45+37.5 mm) 
 
Metal deportment of Ag and Pb produced from SSI impact breakage of Ore B -22.4+19 mm 
 
Recovery-mass pull curve                              b. Grade-mass pull curve 
Figure C10. SSI Ag deportment behaviour of Ore B (-22.4+19 mm) 
 
 
Recovery-mass pull curve                              b. Grade-mass pull curve 
Figure C11. SSI Ag deportment behaviour of Ore B (-22.4+19 mm) 
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Appendix C.10 
Metal deportment of Ag, Pb and Zn produced from SSI impact breakage of Ore A at four different 
size 
 
. Recovery-mass pull curve                                                b. Grade-mass pull curve 
Figure C.12 Ag, Pb and Zn deportment behaviour of SSI (0.31 kWh/t) breakage of Ore B at 
four different size fractions 
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Metal deportment of Ag and Pb produced from SSI impact breakage of Ore A at four different size 
 
. Recovery-mass pull curve                                                b. Grade-mass pull curve 
Figure C.13 Ag and Pb deportment behaviour of SSI (0.33 kWh/t) breakage of Ore A at four 
different size fractions 
 
 
Appendix C.11 
Metal deportment of Ag, Pb and Zn from MSI-N impact breakage of Ore A (-45+37.5 mm) 
 
Recovery-mass pull curve                                    b. Grade-mass pull curve 
Figure C14. MSI-N Ag deportment behaviour of Ore A (-45+37.5 mm) 
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Recovery-mass pull curve                                    b. Grade-mass pull curve 
Figure C15. MSI-N Pb and Zn deportment behaviour of Ore A (-45+37.5 mm) 
 
Downgrade of Ag, Pb and Zn measured from MSI-N impact breakage of Ore A (-45+37.5 mm) 
Table C4. Coarse downgrade rate achieved for both stages of MSI testing of Ore B (-45+37.5 
mm) 
MSI breakage 
RF value Downgrade rate (%) 
Ag Pb Zn Ag Pb Zn 
1st stage 0.94 0.94 0.89 6 6 11 
2nd stage 0.87 0.91 0.82 13 9 18 
Difference 0.07 0.03 0.07 7 3 7 
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Appendix C.12 
Metal deportment of Ag, Pb and Zn from MSI-N impact breakage of Ore B (-45+37.5 mm) 
 
Recovery-mass pull curve                                    b. Grade-mass pull curve 
Figure C16. MSI-N Ag, Pb and Zn deportment behaviour of Ore B (-45+37.5 mm) 
 
Downgrade of Ag, Pb and Zn measured from MSI-N impact breakage of Ore A (-45+37.5 mm) 
Table C5. Coarse downgrade rate achieved for both stages of MSI testing of Ore B (-45+37.5 
mm) 
MSI breakage 
RF value Downgrade rate (%) 
Ag Pb Zn Ag Pb Zn 
1st stage 0.82 0.88 0.85 18 12 15 
2nd stage 0.74 0.80 0.75 26 20 25 
Difference 0.08 0.08 0.10 8 8 10 
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Appendix C.13 
Particle size distribution generated from MSI-N versus MSI-W breakage testing 
   
 
Figure C17. Particle size distribution produced from MSI breakage metal deportment studies 
 
Appendix C.14 
MSI-N versus MSI-W metal deportment behaviour of Ag and Pb of Ore B (-45+37.5 mm) 
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Recovery-mass pull curve                                    b. Grade-mass pull curve 
Figure C18. MSI-N vs MSI-W Ag deportment behaviour of Ore B (-45+37.5 mm) 
 
Response ranking curves of Ag and Pb produced from MSI impact breakage of Ore B -45+37.5 mm 
 
Figure C19. MSI-N vs MSI-W Ag and Pb response ranking (RR) curves (-45+37.5 mm) 
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Appendix C.15 
MSI-N versus MSI-W metal deportment behaviour of Ag, Pb and Zn of Ore B (-45+37.5 mm) 
 
Recovery-mass pull curve                                    b. Grade-mass pull curve 
Figure C20. MSI-N vs MSI-W Ag, Pb and Zn deportment behaviour of Ore A (-45+37.5 mm) 
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Response ranking curves of Ag, Pb and Zn produced from MSI impact breakage of Ore A -45+37.5 
mm 
 
Figure C21. MSI-N vs MSI-W Ag, Pb and Zn response ranking (RR) curves for Ore A (-
45+37.5 mm) 
 
Appendix C.16 
MSI-N versus MSI-W metal deportment behaviour of Ag, Pb and Zn of Ore B (-22.4+19 mm) 
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Recovery-mass pull curve                                    b. Grade-mass pull curve 
Figure C22. MSI-N vs MSI-W Ag, Pb and Zn deportment behaviour of Ore A (-45+37.5 mm) 
 
Response ranking curves of Ag, Pb and Zn produced from MSI impact breakage of Ore B –22.4+19 
mm 
 
Figure C23 MSI-N vs MSI-W Ag, Pb and Zn response ranking (RR) curves for Ore B (-
22.4+19 mm)  
   161 
Appendix D 
Appendix D.1 
 
Particle size distribution of testing involving abraded and non –abraded particles of Ore B (-
45+37.5 mm)  
 
Figure D1. Ore B (-45+37.5 mm) PSD of non-
abraded and abraded breakage test 
Table D1. Ore B (-45+37.5 mm) calculated 
distribution parameters 
 
Parameters 
Non 
Abraded 
Abraded 
t2 (%) 56.67 66.10 
t5 (%) 23.28 27.12 
t10 (%) 13.16 15.10 
D10 (mm) 2.73 2.23 
D50 (mm) 18.41 14.99 
P80 (mm) 29.03 28.36 
 
Particle size distribution of testing involving abraded and non –abraded particles of Ore B (-
45+37.5 mm)  
 
Figure D2. Ore B (-16+13.2 mm) PSD of non-
abraded and abraded breakage test 
Table D2. Ore B (-16+13.2 mm) calculated 
distribution parameters 
 
Parameters 
Non 
Abraded 
Abraded 
t2 (%) 53.61 48.71 
t5 (%) 21.80 18.31 
t10 (%) 12.38 10.90 
D10 (mm) 1.07 1.05 
D50 (mm) 6.61 6.53 
P80 (mm) 11.74 10.49 
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Appendix D.2 
Grade by size deportment analysis of progeny from breakage of abraded and non-abraded particles 
 
 
a. Recovery-mass pull curve                                 b. Grade-mass pull curve 
Figure D3. Pb and Zn deportment behaviour obtained from non-abraded and abraded 
particle SSI treatment of Ore B (-45+37.5 mm) 
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Appendix D.3 
Grade by size deportment analysis of progeny from breakage of abraded and non-abraded particles 
 
 
a. Recovery-mass pull curve                                 b. Grade-mass pull curve 
Figure D4. Ag, Pb and Zn deportment behaviour obtained from non-abraded and abraded 
particle SSI treatment of Ore A (-45+37.5 mm) 
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a. Recovery-mass pull curve                                 b. Grade-mass pull curve 
Figure D.5 Ag, Pb and Zn deportment behaviour obtained from non-abraded and abraded 
particle SSI treatment of Ore B (-22.4+19 mm) 
 
 
   165 
 
 
Figure D.6 Ag, Pb and Zn deportment behaviour obtained from non-abraded and abraded 
particle SSI treatment of Ore B (-16+13.2 mm) 
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Appendix D.4 
Metal deportment attributes of progeny from breakage of abrasion and SSI of abraded particles.  
 
Table D3. Measured response of Ore A (-53+45 mm) treated with both Abrasion plus SSI 
Process 
Measured 
Response 
Feed 
Accept Grade 
/ Value of 
Fines 
Reject Grade / 
Value of 
Coarse 
Upgrade 
in Fines 
Downgrade 
in Coarse 
Abrasion 
32% to 68% 
NSR ($) 0.00 0.00 0.00 0.00 0.00 
Ag (ppm) 10.50 11.6 10.00 1.10 0.95 
Pb (%) 0.10 0.12 0.09 1.20 0.90 
Zn (%) 0.15 0.20 0.12 1.33 0.80 
SSI                   
(abraded 
particle) 
14% to 86% 
NSR ($) 0.00 0.00 0.00 0.00 0.00 
Ag (ppm) 10.10 12.00 9.70 1.19 0.97 
Pb (%) 0.09 0.11 0.09 1.24 0.96 
Zn (%) 0.12 0.18 0.11 1.46 0.92 
Combined 
42% to 58% 
NSR ($) 0.00 0.00 0.00 0.00 0.00 
Ag (ppm) 10.60 11.7 9.70 1.11 0.92 
Pb (%) 0.10 0.12 0.09 1.20 0.85 
Zn (%) 0.15 0.19 0.11 1.32 0.76 
 
Table D4. Measured response of Ore B (-22.4+19 mm) treated with both Abrasion plus SSI 
Process 
Measured 
Response 
Feed 
Accept Grade 
/ Value of 
Fines 
Reject Grade / 
Value of 
Coarse 
Upgrade 
in Fines 
Downgrade 
in Coarse 
Abrasion 
16% to 84% 
NSR ($) 4.66 16.85 3.43 3.62 0.73 
Ag (ppm) 7.45 15.00 6.06 2.01 0.81 
Pb (%) 0.09 0.17 0.07 1.76 0.78 
Zn (%) 0.36 0.90 0.24 2.51 0.67 
SSI                   
(abraded 
particle) 
14% to86% 
NSR ($) 3.48 5.80 0.00 1.67 0.00 
Ag (ppm) 5.67 7.41 5.40 1.31 0.95 
Pb (%) 0.08 0.10 0.08 1.24 0.96 
Zn (%) 0.26 0.43 0.23 1.64 0.90 
Combined 
27% to 73% 
NSR ($) 4.92 11.14 0.00 2.26 0.00 
Ag (ppm) 7.54 11.90 5.96 1.58 0.79 
Pb (%) 0.10 0.14 0.08 1.45 0.84 
Zn (%) 0.36 0.71 0.24 1.94 0.66 
NB: The mass pull to fines and coarse value is indicated as green and red under each process. 
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Appendix D.5 
Metal deportment attributes of progeny from combine abrasion plus SSI process and only SSI 
breakage 
 
Table D5 Measured response of Ore A (-53+45 mm) treated with both process strategies 
Process 
Strategy 
Measured 
Response 
Feed 
Accept Grade 
/ Value of 
Fines 
Reject Grade 
/ Value of 
Coarse 
Upgrade 
in Fines 
Downgrade 
in Coarse 
Combined 
Abrasion & 
SSI (0.33 
kWh/t) 
42% to 58% 
NSR ($) 0.00 0.00 0.00 0.00 0.00 
Ag (ppm) 10.60 11.7 9.70 1.11 0.92 
Pb (%) 0.10 0.12 0.09 1.20 0.85 
Zn (%) 0.15 0.19 0.11 1.32 0.76 
SSI          
(0.33 kWh/t) 
14% to 86% 
NSR ($) 0.00 9.05 0.00 9.05 0.00 
Ag (ppm) 8.04 15.00 6.86 1.87 0.85 
Pb (%) 0.11 0.19 0.09 1.77 0.87 
Zn (%) 0.16 0.36 0.12 2.29 0.78 
NB: The mass pull to fines and coarse value is indicated as green and red under each process. 
 
Table D6. Measured response of Ore B (-53+45 mm) treated with both process strategies 
Process 
Strategy 
Measured 
Response 
Feed 
Accept Grade 
/ Value of 
Fines 
Reject Grade 
/ Value of 
Coarse 
Upgrade 
in Fines 
Downgrade 
in Coarse 
Combined 
Abrasion & 
SSI (0.33 
kWh/t) 
33% to 67% 
NSR ($) 4.04 7.16 0.00 1.77 0.00 
Ag (ppm) 6.00 9.48 4.35 1.58 0.73 
Pb (%) 0.10 0.14 0.09 1.33 0.85 
Zn (%) 0.30 0.43 0.24 1.45 0.79 
SSI          
(0.33 kWh/t) 
13% to 87% 
NSR ($) 3.68 14.08 0.00 3.83 0.00 
Ag (ppm) 7.46 21.00 5.46 2.81 0.73 
Pb (%) 0.09 0.17 0.08 1.79 0.88 
Zn (%) 0.27 0.64 0.22 2.34 0.80 
NB: The mass pull to fines and coarse value is indicated as green and red under each process. 
It should be noted that for the combined process abrasion utilised an initial feed with size -53+45 mm 
and the remaining coarse with top size -45+37. Mm was used for the SSI testing. But for SSI only the 
initial feed was -45+37.5 mm.  Despite the difference in feed size we went head to compare both 
process route to analyse the general trend of metal deportment behaviour they both provide. For Ore 
B smaller size fraction testing both process route utilised the same feed size -22.4+19 mm.   
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Appendix E.1 
 
Calibration of speed of hammer 
 
The impact hammer in the JKMRC impact tester has a sensor which measures the speed (rpm) at a 
particular frequency (Hz) setting.  This value is displayed in the software which operates the feeding 
mechanism. To confirm the speed being detected by the sensor, a handheld tachometer was used to 
externally and independently measure the speed of the hammer at five different frequency (Hz) 
settings. The reading was aided by attaching a reflective tape on top of the hammer and the tachometer 
placed at the viewing window to measure the speed in rpm. The speed being displayed on both the 
tachometer and the JKMRC impact tester software were recorded. A graph was plotted for speed 
measured by tachometer against that measured by the device’s sensor (Figure E1 a.).  A linear 
equation was fitted and the level of correlation (R2) estimated. A very strong correlation (R2=1) was 
obtained for the sensor and tachometer readings. A paired t-test analysis further confirmed that there 
was no significant difference between the two reading since the p-value of 0.104 obtained was above 
a p-value of 0.05 (95% confidence). Following the statistical verification, the set of five (5) speed 
measurement recorded by the sensor was then plotted against the motors driving frequency. This was 
to enable selection of the frequency to set the motor to in order to achieve the desired hammer speed 
in rpm (Figure E1 b.).   
 
       a. Tachometer versus sensor reading             b. Frequency (Hz) versus Speed (RPM) 
Figure E1. Graph of speed calibration 
Appendix E.2 
Effect of particle size on hammer speed, drop time and angle of drop 
The nature of feeding the JKMRC impact tester is by releasing a particle from a predetermined height. 
Based on hammer speed and its position, the drop time is estimated. As the particles are released by 
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the flaps, the effect of particle size on the drop time was initially investigated for a fixed drop height 
of 50 mm. Figure E2 shows a schematic representation of the impact breakage mechanism of 
JKMRC impact tester with labelled parts and parameters.  
 
Figure E2. A schematic representation of hammer position, drop time, drop angle and 
particle drop from height 
 
From the above figure the parameters drop angle (Ɵ°) and drop time (t) are defined as follows; 
1. The angle between the spinning hammer position and the position where the collision between 
the hammer and the particle occurs after engagement of the feeding particle.  
2. The time required for particle to drop from the initial position in the feeder to the position 
where the collision between the hammer and the particle occurs. This is measured in 
milliseconds (ms).  
Three different sizes of steel ball bearings of size 28 mm, 22 mm and 19 mm were used to represent 
test particle sizes with each being tested at 5 different motor speed levels. For each ball size and 
hammer speed, the drop time was varied until an impact was observed. All three ball sizes was found 
to be impacted at each set drop time. The drop time was further found not to change for each size at 
all set speed. The only difference observed was the change in drop angle and drop time for each set 
hammer speed. The reason being that the height of particle drop remained constant and fixed so the 
synchronizing of the releasing mechanism was based on the speed of the hammer and the impact 
position (position where collision between the hammer and the particle occurs).  
Each drop time estimated was subjected to a plus/minus interval of 1 milliseconds (±1ms) to establish 
the range at which impact occurs. Table E1 summarises the results obtained and the intervals 
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established for the drop time. This findings shows that particle size has no effect on speed, drop time 
and drop angle, but rather the speed of the hammer determines the drop time and drop angle.  
Table E1. Parameters established from effect of particle size on speed, drop time testing 
Speed 
(rpm) 
Drop Time 
(ms) 
Size 
28 mm 22 mm 19 mm 
15 750 √ √ √ 
76.53 400±10 √ √ √ 
153.85 750±5 √ √ √ 
230.77 600±6 √ √ √ 
462.73 850±10 √ √ √ 
                           (NB: √ denotes impact/hit observed) 
Appendix E.3 
Steps of particle tracking 
The video analysis involved tracking the trajectory of progenies produced from the primary breakage. 
The tracking procedure was undertaken using a video analysis and modelling tool known as Tracker 
5.1.3. The steps utilised in analysing the video scripts are detailed as follows; 
1. The video to be analysed is uploaded in the software and the properties such as frame rate of the 
video, step frame, start frame and end frame being inputted into the video clip settings of the 
software.  Figure E3 show the uploaded video showing the hammer and particle before impact 
(time = 0s).  
 
 
Figure E3. Picture showing position of the hammer prior to impacting a particle 
Hammer Anvils 
t=0 
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2. A coordinate axes is then placed with the horizontal axis being on the same lines as the point of 
impact between hammer and particle and vertical axis being perpendicular to it (see Figure E4). 
3. After the coordinate axes has been fixed, the distance in the video is calibrated using the 
calibration stick option of the software. A known distance is then marked and set as the reference 
of the distance measurement. From Figure E4 it could be seen that the viewing window were 
marked and the marking were used as input to calibrate the video.  
 
 
Figure E4. Fixed coordinate axes and calibration stick (0.01m) with the reference markings. 
 
4. Point mass tracking approach was then used to track a progeny generated from the first impact 
until it impacts the anvil walls of the device. Figure E5 shows a particle being tracked by the 
software. This is repeated three times to assess the repeatability of the tracking process. It should 
be noted that since there could be two or more progenies being generated from a single primary 
impact, a maximum of three clear and visible progenies were tracked for each video script 
recorded.  
5. Each tracking point obtained from the analysis were translated into a distance (x)-time (t) graph 
(a graph which shows how far the progeny has travelled in a given time). The tracking points 
produced from the analysis were found to be linear and was fitted with a linear function (see 
Figure E5). The velocity of the progeny was then estimated by finding the slope of the fitted 
linear line. This was obtained from the coefficient of the x-axis variable (time, t) in the linear 
function equation obtained (equation E1). Where x = distance in meters (m), t = time in seconds, 
A = slope and B = intersection.  
 
                             x=A*t + B                                    (E1) 
X-axis  
Y
-a
x
is
  
t=0 
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a. Initial positon of the particle before tracking     b. Position of tracking particle at t=0.015 s 
 
c. Position of tracking particle at t=0.016 s  d. Position of tracking particle at t=0.017 s 
 
d. Distance-time graph showing fitted equation and slope of the line 
 
Figure E5. Tracking of particles at different time interval and resulting graph showing trends 
of velocity obtained from one set of tracking result. 
1st Tracking 
point 
Distance-time 
graph 
A progeny 
impacting anvil 
Slope=velocity 
Progenies  
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The analysis method described (Step 1-5) was repeated for thirteen other videos. For each video 
analysis, an average velocity was calculated from the three set of tracking results and their respective 
specific energy also calculated.  
 
